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INTRODUCT I ON 

Fund ing  f o r  t h i s  p r o j e c t . b e g a n  Sn 1969. I n  t h e  f i r s t  year ,  

many of t h e  t e c h n i q u e s  were e s t a b l i s h e d  and equipment  was 

c a l i b r a t e d  and t e s t e d .  S t u d i e s  were under taken  i n  c o l l a b o r a t i o n  
L 

w i t h  J . W .  S m i t h  on t h e  removal  and i d e n t i f i c a t i o n  of c a r b o n  

compounds i n  s e v e r a l  carbonaceous rne teo r i  t es .  The r e s u l t s  d o  

s h m  t h a t  i n  t y p e  I and t y p e  I 1  c h o n d r i t e s ,  t h e  b u l k  o f  t h e  

ca'rbon must  be i n d i g e n o u s ,  whereas i n  t y p e  I11 and non-carbonaceous 

c h o n d r i t e s ,  v o l a t i  l e  e x t r a c t a b l e  o r g a n i c  mo lecu les  a r e  p r o b a b l y  

d e r i v e d  fran contarn inat ion.  The c r i t e r i a  were e s t a b l i s h e d  by 

compar ing C I 3 / C  

and i n  ccxnpounds e x t r a c t e d  f r cm t e r r e s t r i a l  sed iments .  

12 r a t i o s  i n  compounds removed frcm t h e  m e t e o r i t e s  

These c r i t e r i a  were t e s t e d  s h o r t l y  a f t e r  p u b l i c a t i o n  of 

the d a t a ,  t h ! - Q V " h  ? ! ? ? ! y S i s  cf t h e  Mc!rchiser! m e t e o r i t e  !*!hlCh fe?! 
3" 

i n  V i c t o r i a ,  A u s t r a l i a  i n  September, 1969. The s t u d y  c a r r i e d  

out i n  c o l  l a b o r a t i o n  w i t h  Ames Research Cen te r ,  .gave s t r o n g  

s u p p o r t  f o r  t he  e x t r a t e r r e s t r i a l  o r i g i n  o f  t h e  hydrocarbons  and 
13 12 amino a c i d s .  The C / C  d a t a  gave s t r o n g  s u p p o r t  t o  o t h e r ' d a t a  

on the. d i s t r i b u t i o n  p a t t e r n  of these compounds, and i n d i c a t e d  

t h a t  t h e y  c o u l d  n o t  have o r i g i n a t e d  f r o m  r e c e n t  t e r r e s t r i a l  

c o n t a m i n a t i o n  of known ccrnposi t i o n .  We b e l i e v e  t h i s  f i n d i n g  

may be one o f  t h e  most i m p o r t a n t  t o  have been p u b l i s h e d  i n  t h e  

f i e l d  of b i o l o g i c a l  s t u d i e s  on m e t e o r i t e s .  I t  now opens new 

avenues o f  endesvor  i n t o  i n v e s t i g a t i o n  of e x t r a t e r r e s t r i a l  

s s m p  les.  

Mary Jo Eaedecktr :  t o  i n v e s t i g a t e  t n e  o r i g i n  of  me i s o p r c n I r , i d  

hydrocarbons  i n  sed iments  f ran t h e  h y p e r s a l i n e  l a k e ,  t h e  Dead 
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a Sea, These hydrocarbons ,  t h e  bL?st-known b e i n g  phy tane ( 2 ,  6, 

10, 14 - te t ramethy lhexadecane)  and p r i s t a n e  (2, 6, 16, 1 4 - t e t r a -  

methy:pentadecar ie j  ai-e v e r y  ccrrimon i n  a n c i e n t  sed iments .  They 

F a r e  o f t e n  c o n s i d e r e d  t o  be d e r i v e d  fran c leavage  of  t h e  p h y t o l  

s i d e  chain of the c h i o r o p h y l  i m o l e c u l e ,  and have t h e r e f o r e  

f r e q u e n t l y  been used as ev idence f o r  b i o g e n i c i  t y  i n  a n c i e n t  rocks .  
. 

S t r a n g e l y  enough, however, the hyd roca rbon  phy tane i s  v e r y  r a r e  

i n  r e c e n t  sed iments ,  and p r i s t a n e  has been found o n l y  i n  t r a c e  

q u a n t i  t ies . .  C h l o r o p h y l l  begins t o  degrade r a p i d . 1 ~  i n  these 

sed iments .  I n  t h e  Dead Sea, however, c h l o r o p h y l l  degrades much 

more s l o w l y  b u t  phy tane as w e l l  as p r i s t a n e  a r e  p r e s e n t  i n  t h e  

s u r f a c e '  sed iment  i n  a s i g n i f i c a n t  r a t i o  t o  t h e  t o t a l  hydrocarbon 

c o n t e n t  of t h e  sediment .  One p o s s i b l e  source  f o r  t h e  hydrocarbons  

c o u l d  be the  r e d  h a l o p h i l i c  b a c t e r i a  w h i c h  dominate  t h e  b i o t a  o f  

the  water cnli imn. S i n c e  i t  i s  knan!n t h a t  t h e s e  c?rS?R.iszl?s cr\r.t?in 

. an e t h e r - l i n k e d  g l y c e r o l - d i p h o s p h a t i d y l  l i p i d ,  i t  was c o n s i d e r e d  

t h a t  c leavage  of  t h e  l i n k a g e s  wou ld  r e l e a s e  p h y t o l  which wou ld  

e v e n t u a l l y  be reduced i n t o  the i s o p r e n o i d  hydrocarbon.  A t e s t  

f o r  t h i s  l i p i d  i n  t h e  sediment showed i t  was p r e s e n t .  The 

i s o p r e n o i d  hydrocarbons m o s t  p r o b a b l y  a rose  f r o m  t h i s  sou rce  

r a t h e r  than  a c h l o r o p h y l l  s i d e  cha in .  T h i s  f a c t  must  t h e r e f o r e  

be k e p t  i n  m ind  when c o n s i d e r i n g  t h e  o r i g i n  of m o l e c u l e s  i n  a n c i e n t  

rocks  i n  an a t t e m p t  to f i n d  ev idence fo r  i n i t i a t i o n  of a 

p h o t o s y n t h e t i c  mechanism. A d e t a i  l e d  r e p o r t  o f  t h e  s t u d y  i s  

enc losed .  

D g r i n g  1970-1971, the  sediment f r o m  f i v e  deep sea cor-es were 
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(4  0.2% o r g a n i c  C ) ,  whereas o the rs  were r i c h e r  and approached more 

c l o s e l y  near shore environments;  c o n t a i n i n g  about  1.0% o r g a n i c  

carbon.  Two  co res  o r i g i n a t e d  i n  t h e  G u l f  of Mexico,  and the  

i n f l u e n c e  of upward m i g r a t i o n  of p e t r o l e u m  can be n o t i c e d  f r a n  

t h e  u n u s u a l l y  h i g h  hydrocarbon va lues .  The cores  of o t h e r s  came 

fran t h e  west  A t l a n t i c  Ocean. The s'amples r e p r e s e n t  an age spread 

P l e i s t o c e n e  ( 4 100,000 y e a r s )  t o  Eocene ( > S O  X 106 years ) .  

D u r i n g  the  year ,  a s e a r c h  was a l s o  made t o  d e t e c t  compounds 

w h i c h  were s p e c i f i c  i n d i c a t o r s  f o r  land o r  mar ine  o r i g i n .  The 

f i v e - r i n g e d  p o l y n u c l e a r  hydrocarbon,  p e r y l e n e ,  was found t o  be 

a v e r y  good index.  I t s  presence depends on a source  of l and -  

d e r i v e d  qu i .no id  p r e c u r s o r s ,  wh ich  a r e  p r e s e r v e d  under reduc ing  

cond i t i o n s  on 1 y. 

i ~ p ~ r t s n t  i nc! i c a t w s .  

Th is  compound, and C 13,c 12 i s o t o p e  v a l u e s  p roved  

S e v e r a l  exper iments  were a l s o  c a r r i e r  o u t  on the  p igments o f  

b lue -g reen  a l g a e  and C 1 3 / C 1 *  va lues  o f  a l g a l  mats and a l g a l  

c u l t u r e s  grown under d i f f e r e n t  c o n d i t i o n s .  I t  was hoped t o  l e a r n  

from these exper imen ts  what the e f f e c t s  o f  h e a t i n g  was on . 
p r e s e r v a t i o n  of c e l l  morphology and c e l l  b i o c h e m i s t r y .  I n  a d d i t i o n ,  

i t  was hoped t o  l e a r n  more about p r o p e r t i e s  o f  p r i m i t i v e  c e l l s  

grown under c o n d i t i o n s  w h i c h  may have e x i s t e d  i n  the  Precambrian. 

The s t u d i e s  ment ioned above have been w r i t t e n  up i n  g r e a t e r  

d e t a i  1 i n  t he  enc losed  manusc r ip t s .  

More r e c e n t l y ,  a s e r i e s  of s t u d i e s  were i n i t i a t e d  t o  

de te rm ine  changes w h i c h  occur  i n  sediments d u r i n g  li t h i f i c a t i o n .  

The f i r s  t exper iments  have been under taken by h e a t i n g  v e r y  young 

sediment f r o m  a bay (Banderas Bay) i n  t h e  sou theas t  G u l f  of 
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C a l i f o r n i a ,  which i s  k n w n  t o  have a l a r g e  t e r r i g e n o u s  component 

i n  t h e  o r g a n i c  m a t t e r .  The carbon c o n t e n t  of t h i s  sediment i s  1.6%. 

The a i m  of  the  work was t o  f o l l o w  the  f a t e  o f  l i p i d s  and pigments 

by  expos ing  the  sediment  t o  e l e v a t e d  tempera tures  ( u p  t o  150°C) 

f o r  7 days. . 
Two s e t s  o f  s i m u l a t e d  m a t u r a t i o n  exper iments  were per formed,  

namely the  "openll v e s s e l  and the s e a l e d  ampoule method i n  wh ich  

we t  ( n a t u r a l )  and f r e e z e - d r i e d  samples were used. An i n c r e a s e  of 

40% i n  hydrocarbons c o u l d  be observed i n  a sample w h i c h  has been 

exposed t o  lSO°C f o r  one week, i n  b o t h  normal  a lkanes  as w e l l  as t h e  

i s o -  and branched ones. Normal a lkanes  were d e p l e t e d  i n  t h e  

f r e e z e - d r i e d  samples. A s e r i e s  of b i o l o g i c a l l y - s i g n i f i c a n t  a lkanes  

such as p r i s t a n e  ( C  

n a t u r a l  sediment ,  t h e  q u a n t i t y  o f  these and o t h e r  branched a lkanes  

) and p y r t a n e  ( C z 0 )  were i d e n t i f i e d  i n  the  19 

however, were i nc reased  c o n s i d e r a b l y  i n  t h e  h e a t - t r e a t e d  samples. 

The d i s t r i b u t i o n  o f  n -a l kanes  i n  the  we t  h e a t - t r e a t e d  sediment  

remained unchanged, whereas they  were a l t e r e d  i n  the  f r e e z e - d r i e d  

samples. 

Smal l  amounts o f  f r e e  f a t t y  a c i d s  were i d e n t i f i e d  i n  a l l  

samples, however, t h e  q u a n t i  t i e s  were g r e a t e r  i n  t h e  h e a t - t r e a t e d  

samples. The a c i d s  i d e n t i f i e d  were p r e d o m i n a n t l y  even carbon 

numbered ( m a i n l y  C 1 6 ) .  

hea ted  i n  an open v e s s e l  wh ich  shaved an even d i s t r i b u t i o n  o f  a c i d s  

f rom C 1 4  t o  C Z 4 .  

i d e n t i f i e d ,  those bound t o  s imp le  mo lecu les  such as a l c o h o l s  w h i c h  

can be e l u t e d  f r a n  s i l i c i c  a c i d  w i t h  benzene and those bound t o  more 

c m p l e x  molecu les  w h i c h  must be e l u t e d  f rom s i  l i c i c  a c i d  o n l y  w i t h  

An e x c e p t i o n  was the  f r e e z e - d r i e d  sample, 

Two  types  of  h y d r o l y z a b l e  f a t t y  a c i d s  were 
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The a c i d s  i d e n t i f i e d  i n  the  u n t r e a t e d  sediment  were o f ' t h e  

second type,  s a t u r a t e d  a c i d  (c16)  b e i n g  t h e  most abundant,  

accompanied by  C 1 6  and C 1 8  u n s a t u r a t e d  a c i d s .  

s i g n i f i c a n t l y  lower i n  t h e  wet  h e a t  t r e a t e d  sample (about  25% of 

t h e  o r i g i n a l ) .  The f r e e z e - d r i e d  h e a t - t r e a t e d  sample showed a 

s l i g h t  i nc rease  i n  t o t a l  a c i d s ,  i n c l u d i n g  a c i d s  o f  t he  f i r s t  t ype  

( f r o m  benzene e l u e n t ) .  The p a t t e r n  was s i g n i f i c a n t l y  d i f f e r e n t :  

1. C 1 4  was t h e  most abundant a c i d  f o l l o w e d  by c16 and C 1 8 :  

The amount was 

2.  No predominance o f  even-over -odd was observed i n  a c i d s  

g r e a t e r  than c18: 3.  No u n s a t u r a t e d  c16 and C 1 8  a c i d s  were . 

found. 

O f  p a r t i c u l a r  i n t e r e s t  was t h e  i d e n t i f i c a t i o n  of r e s i n  a c i d s  

i n  these samples. The c o n t e n t  was inc reased t h r e e - f o l d  i n  t h e  we t  

h e a t - t r e a t e d  sample over  i t s  o r i g i n a l  c o n t e n t ,  b u t  was v e r y  

d e p l e t e d  i n  tne  f r e e L e - d r i e a  sampies. Alcnougn -ca ro tene  c o u l d  be 

d e t e c t e d  i n  t h e  o r i g ' i n a l  sediment,  i t  s h o u l d  be p o i n t e d  o u t  t h a t  

i t s  a b s o r p t i o n  range i n  t h e  U V - v i s i b l e  o v e r l a p s  some of the  

a r o m a t i c  compounds, e s p e c i a l  l y  p e r y l e n e .  We t h e r e f o r e ,  r e -  

chromatographed the y e l l o w  f r a c t i o n ,  thus s e p a r a t i n g  peryle 'ne f rom 

p - ca ro tene .  The f a c t  t h a t  p e r y l e n e  and o t h e r  p o l y c y c l i c  canpounds 

s u r v i v e  under c o n d i t i o n s  t h a t  /3 -caro tene degrades, suggests  t h a t  

these compounds a r e  thermodynamical  l y  f a v o r e d  and may be - 

complexed t o  c l a y s .  A decrease of a b u t  90% i n  t h e  c o n t e n t  o f  

c h l o r i n s  was observed i n  a sample heated a t  100°C, f o l l o w e d  by a 

t o t a l  l o s s  a t  15OoC.  No p o r p h y r i n s  were d e t e c t e d ,  and an e x t r a c t a b l e  

rJ 

b r m n - r e d  "p igment"  was p r o b a b l y  o f  a p o l y m e r i c - t y p e .  

I n  t h e  open v e s s e l  exper imen t ,  t he  e x t r a c t a b l e  l i p i d s  were 

d e p l e t e d  r e l a t i v e - t o  a romat i cs  and p igments ;  t h i s  m i g h t  be due 
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t o  "steam d i s t i  1 l a t i o n "  o f  the i n t e r s t i t i a l  w a t e r  t h rough  the  

sed i men t . 
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A BSTRACT 

F i f t e e n  sediment  samples were s t u d i e d  f r c m  f i v e  d r i l l  

s i t e s  recove red  by  t h e  “Glornar C h a l l e n g e r “  on Legs I and I V  

i n  t h e  G u l f  of Mexico  and wes te rn  A t l a n t i c .  T h i s  s t u d y  

c o n c e n t r a t e d  on compounds d e r i v e d  f r o m  biogC2nic p r e c u r s o r s ,  

nanic ly :  ( 1 )  hydrocarbons ,  ( 2 )  f a t t y  a c i d s ,  ( 3 )  p igments  

and ( 4 )  amino a c i d s .  An a t t e m p t  was made t o  d e t e r m i n e  

d i a g e n e t i c  chanses, by  rnoni t o r i n g  the  ca rLon  c o n t e n t  of  

v a r  i ous ex t r a c t a b  l e  and non -ex t r a c  t a  b l e  f r a c  t i ons . 
Carbcn i s s t o p e  E c ’ 3 )  dE;ta ( v z l u e s  4 - 2 6  go i-~~~t-~v.~ 

t o  PDB) ,  l o n g - c h a i n  n - a l k y l  hydrocarbons  ( >. C Z 7 )  w i t h  

an odd- to -even  p r e f e r e n c e ,  and presence of p e r y l e n e ,  p roved  

u s e f u l  i n d i c a t o r s  f o r  t h e  t e r r i g e n o u s  o r i g i n  of t h e  o r g a n i c  

m a t t e r  i n  some samples. I t  was found  t h a t  l a n d - d e r i v e d  

o r g a n i c  m a t t e r  can be t r a n s p o r t e d  fo r  d i s t a n c e s  o v e r  1,000 

Km i n t o  the  ocean and t h e i r  s o u r c e  s t i l l  r e c o g n i z e d .  
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I N T R O D U C T I O N  

U n t i  1 1968, when t h e  deep-sea d r  i 1 1  i n y  and c o r i n g  

p r o j e c t  was i n i t i a t e d  by J O I D E S ,  o r g a n i c  geochemical  s t u d i e s  

on u n l i  t h i f i e d  m a r i n e  sediments were r e s t r i c t e d  t o  samples 

b u r i e d  t o  less than 5 0  m depth .  T h i s  work  d e s c r i b e s  t h e  

a n a l y s i s  o f  f i f t e e n  samples f rom f i v e  d r i l l - s i t e s  on Legs I 

and I V  of t h e  J O I D E S  program. The deepest  sample was co red  

f r o m  534 m (Ho le  3 )  and i s  Miocene i n  age. 

Other  ana lyses  of  JOIDES sed iment  samples have been 

r e p o r t e d  by  Koons (1970) ,  S i i none i t  and Bur l ingame (1971) ,  

S in ione i t  - e t  -- a l .  (1972a, b ) ,  McIver  (1371, 1972 ) , Baker 

(1970) and Wehmi l l e r  and Hare (1972).  G e n e r a l l y ,  these have 

each  d e a l t  w i t h  a r e s t r i c t e d  group o f  compounds. Here,  an 

a t t e m p t  was made t o  ana lyse  hydrocarbons,  f a t t y  a c i d s ,  p igments  

( c h l o r i n s  and p o r p h y r i n s )  and amino a c i d s .  The C 1 3 / C 1 *  r a t i o  

was measured on the  o r g a n i c  carbon o f  a l l  sed iment  samples ,  

and o n  some e x t r a c t a b l e  and n o n - e x t r a c t a b l e  r e s i d u e s  (e .g . ,  

humic a c i d  and ke rogen) .  

P o r p h y r i n s  were recogn ized  i n  sane  samples,  b u t  n o t  i n  

o t h e r s .  The f i v e - r i n g e d  a r o m a t i c  hydrocarbon p e r y l e n e  was 

found i n  samples o r i g i n a t i n g  f r o m  l a n d - d e r i v e d  o r g a n i c  m a t t e r  

w h i c h  had been p r e s e r v e d  under r e d u c i n g  cond i t i  ons. 

The s t u d y  was p r i m a r i  l y  des igned  t o  i n v e s t i g a t e :  ( i )  the  

sou rces  o f  t h e  o r g a n i c  m a t t e r  p r e s e n t  i n  t h e  sed iment ,  ( f i )  

s t a b i l i t y  w i t h  t i m e  o f  accumu la t i on  and ( i i i )  t he  c o n d i t i o n s  

necessa ry  f o r  -- i n  - s i  t u  f o r m a t i o n  of new compounds. 

t h e i r  
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E X PER I Mi‘ NTA 1- 

A d e s c r i p t i o n  of t h e  s i t e  l o c a t i o n ,  w a t e r  d e p t h ,  d e p t h  

of  c o r  e pen e t r a t i on be 1 ow t lie sed i men t -wa t e  r i n t e  r f ace , 

s t r a t i g r a p h i c  age, a b r i e f  1i t h o l o g i c a l  d e s c r i p t i o n ,  o r g a n i c  

ca rbon  c o n t e n t  and 6 C  ’3  i n  p a r t s  p e r  m i  1 ,  r e l a t i v e  t o  the  

PDB s c a l e ,  a r e  g i v e n  f o r  each sample i n  Tab le  1 .  D e t a i l e d  

d e s c r i p t i o n s  f o r  each c o r e  are g i v e n  i n  the  I n i t i a l  Repor t s  o f  

t h e  Deep Sea D r i l l i n g  P r o j e c t  (Ewing -- e t  a l .  1969; Bader e t  -- a l .  

1970). Some a d d i t i o n a l  no tes  a r e  g i v e n  below, fo r  the  purpose 

of d i s c u s s i o n  and i n t e r p r e t a t i o n  or t h e  d a t a  o b t a i n e d  i n  t h i s  

s t u d y .  The s i t e  l o c a t i o n s  at -e s i - iadn i n  F i g s .  1 and 2 .  

H o l e  2 

H o l e  2 was d r i  l l e d  on t h e  C h a l l e n g e r  K n o l  1 s a l t  doine. 

O i l  was found  i n  c o r e  5 a t  136-138 m d e p t h  w i t h i n  porous  c a l c i t e  

and gypsum l a y e r s .  The t o p  sample. s t u d i e d  (20  m d e p t h )  c o n t a i n e d  

abundant  p l a n k t o n  remains and t r a c e s  o f  p y r i t e .  The lower 

sample (103 m )  had a s t r o n g  sme l l  o f  H2S when opened. 

was no obvi.ous ev idence  f o r  o i  1 m i g r a t i o n .  

There 

H o l e  3 

T h i s  s i t e  i s  abou t  2 1  n a u t i c a l  m i l e s  S . E .  of  Ho le  2 .  

The sed iment  c o n s i s t s  of i n te rbedded  t u r b i d i t e s  and normal  

p e l a g i c  sed iment  sequences. The s u r f a c e  c o r e s  were r e p o p t e d  

t o  be “ s i l t y  t o  v e r y  s i l t y  t c r r i g e n o u s  c l a y s ,  w i t h  or w i t h o u t  
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a d m i x t u r e  of' nannop lank ton  and fo t -an i in i  i e r a " .  A f ragment  of  

f o s s  i 1 wood was a c t u a  1 l y  d e t e c t e d  a t  dep th .  

E v  i r fencc  o f  p y r  i t e  i rl the s e d  iwen t and su 1 f a t e  r e d u c t  i on 

i n  t h c  i n t e r s t i t i a l  w a t e r  (Ksp lan  and P r e s l e y  1369) i n d i c a t e s  

t h a t  t h i s  was a r e d u c i n g  e n v i  ronment.  

Ho les  6A and 6 

These s i t e s  a r e  i n  deep w a t e r  on t h e  wes t  f l a n k  o f  t he  

Bel-inuda R i s e .  The o l d e r  Eocene sed iments  a r e  dominated  by  

t u r b i d i t y  f lobis. These grade upward t o  more normal  p e l a g i c  

sed iments  c o n t a i n i n g  a v a r i e t y  of  m i c r o f o s s i  1 remains and v o l c a n i -  

g e n i c  d e b r i s .  The r a t e  of s e d i m e n t a t i o n  was v e r y  s l ~ w  ( c O . 3  

cm/103 y r s . ) ,  a l l o w i n g  o x i d a t i o n  t o  p roceed a t  t he  sed iment  

s u r f a c e .  

Hole 26 

The s i t e  f o r  d r i l l i n g  i s  t he  Vema F r a c t u r e  Zone ( F i g .  2 ) ,  

a na r row e a s t - w e s t  t r e n d i n g  t r o u g h  w h i c h  c u t s  t h r o u g h  t h e  M id -  

A t l a n t i c  R i d g i .  The l o c a t i o n  has a h i g h  hea t  f l o w  ( o f t e n  

a s s o c i a t e d  w i t h  mid-ocean r i d g e s ) .  Rap id  s e d i m e n t a t i o n  has 

taken  p l a c e  as a p p a r e n t l y  a l l  t h e  samples c o r e d  ( t o  483 m) a r e  

Q u a t s r n a r y  i n  age. The sedirnefit appears t o  be t u r b i d i t e s ,  showing 

graded bedd'ing w i t h  sand a t  the bo t tom and c l a y  a t  t h e  t o p  of each 

sequence. De t r  i t a  1 s i 1 i ca  tes ,  q u a r t z ,  me t a  1 ox i d e s  and heavy 

m i n e r a l s  i n d i c a t e  r a p i d  t r a n s p o r t - - p o s s i b l y  f r o m  the  Amazon R i v e r  

(abouL I ,  100 Km away). Te r r i genous  p l a n t  f ragmen ts  w e r e ' r e c o g n i z e d  

i n  t h e  sand l a y e r s .  The sediment was r e d u c i n g  and showed marked 

s u 1 f c7 t.c r e  d u c 1: i on . 
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?he u p p e r m o s t  s a ~ n 1 p  r 1 -  (!43 m )  c s n s i c ; t ~  of  silty c l a y  

c o n t a i n i n g  g l a u c o n i t e  and p y r i t e .  The two b u t t a i l  samples were 

3aiiipicu - - - - l - A  - i i? ,  ~ i -  ~ c i j ~ c e ~ t  t ~ ,  r e ~ ~ ~ ~ i z ~ b l e  t ~ ! ! - b i d i t e s  d i s ~ ! s \ t l n ~ ~  

graded bedd ing  and c o n t a i n i n g  p l a n t  f ragments .  The sediment  

was r e d u c i n g  ( P r e s l e y  and Kaplan, 1970), and tI:e lower two 

samples showed most  pronounced s u l f a t e  r e d u c t i o n .  

Sample S to raqe  

Sediment samples r e c e i v e d  f r o m  the  Glomar C h a l l e n g e r  

had been squeezed t o  remove i n t e r s t i t i a l  w a t e r ,  wrapped i n  

aluminum f o i  1, and f r o z e n  ; 150 g samples f r m  each l o c a t i o n  

were ana 1 yzed. 

Ana l y t i  ca 1 Procedures 

The t o t a l  o r g a n i c  carbon was de te rm ined  a f t e r  r e a c t i n g  a 

known w e i g h t  o f  sed iment  w i t h  0.2N HC1 t o  remove ca rbona te .  The 

r e s i d u e  was washed r e p e a t e d l y  w i t h  d i s t i  1 l e d  wa te r  t o  remove a1  1 

t h e  a c i d  and driCtd i n  a vacuum d e s s i c a t o r  a t  4 O o C .  The d r i e d  

sample was combusted i n  an oxygen atmosphere a t  1 100°C. and 

t h e  volume of  C02 measured t o  c a l c u l a t e  t h e  amount o f  o r g a n i c  

carbon i n  the  sediment .  The C02 was c o l l e c t e d  and t h e  C 13,c 12 

r a t i o  measured on a N u c l i d e  Co. 60° r a d i u s  mass  s p e c t r o m e t e r .  

A p rocedare  was deve loped for  each sample t o  d e t e r m i n e :  

hydrocarbons ,  f a t t y  a c i d s ,  a l c o h o l s ,  c h l o r i n s  and p g r p h y y i n s .  

I n  a d d i t i o n ,  amino a c i d s ,  f u l v i c  a c i d s ,  humic a c i d s  and kerogen 

were i s o l a t e d  i n  samples fran H o l e  26. A sunrniary of  t h e  methods 
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used i s  shown i n  F i g u r e  3.  A d e t a i  l ed  d e s c r i p t i o n  of  the  

~ n t r - a ~ t i ~ i - i  pi-oecdui-e IS giver-i i r - 1  B r - ~ w r - ~  e t  a i .  I ln77') I ~ / L ) .  \ -- 
Techniques f o r  t h e  s e p a r a t i o n  and a n a l y s i s  o f  f r e e  f a t t y  a c i d s ,  

i - t ydro iyLdb ie  i d t i y  d c i d s ,  d i c o i i o i s  dnd humic dnd f u i v i c  d c i d s  

have been d e s c r i b r d  e lsewhere  (Nissenbaum -- e t  a l .  1972a). Kerogen 

was d e m i n e r a l i z e d  by success ive  t r e a t m e n t s  w i t h  HF, HC1 and 

HN03 a c c o r d i n g  t o  the  method deve loped by Saxby (1970).  

t h e  techn iques  used f o r  t h e  a n a l y s i s  o f  hydrocarbons ,  p igments 

and alnino a c i d s  were m o d i f i e d  s l i g h t l y  f o r  t h i s  s t u d y .  

Some o f  

The hexane f r a c t i o n  from t h e  s i l i c i c  a c i d  column ( F i g .  3 )  w h i c h  

c o n t a i n e d  the  hydrocarbons ,  was e v a p o r a t e d  t o  n e a r - d r y n e s s  and 

rechromatographed t o  separa te  a1 i p h a t i c  and a r o m a t i c  hydrocarbons .  

The t o t a l  hydrocarbon f r a c t i o n  was a p p l i e d  t o  a s m a l l  f l o r i s i l  

LO~UI I I I I  arid e i u i e d  w i t h  hexane and chen w i t h  benzene. I h e  hexane 
_. . 

e l u e n t  c o n t a i n i n g  a l i p h a t i c  hydrocarbons and t h e  benzene e l u e n t  

c o n t a i n i n g  a r o m a t i c  hydrocarbons were a n a l y z e d  by gas chroma- 

tog i 'aphy.  Pery lene was ana lyzed  f o l l o w i n g  the  p rocedure  c f  

A i  z e n s h t a t  ( 1972) .  

F a r t  o f  t he  benzene f r a c t i o n  f r o m  t h e  s i l i c i c  a c i d  column 

was used f o r  t h e  a n a l y s i s  of a c i d s  and a l c o h o l s  ( f o r  methods, 

see Brown -- e t  a l .  1972) and t h a t  r e m a i n i n g  was used f o r  t h e  

s t u d y  of  p igments .  P o r p h y r i n  and c h l o r i n  p igments  were 

found i n  t h e  benzene and methanol  f r a c t i o n s ,  r e s p e c t i v e l y ,  

of the  s i  l i c i c  a c i d  column. O c c a s i o n a l l y ,  sane c h l o r i n s  appeared 

w i t h  the  p o r p h y r i n s ,  i n  w h i c h  case t h e  t w o  f r a c t i o n s  were 

reca i i b ined  and chranatographed on a s i  l i c a  g e l  column. The 

f o l l o w i n y  s o l v e n t s  were used f o r  e l u t i n g  t h e  p igmen ts :  ( 1 )  

hexane,  (2 ) hexane : benzene ( 1 : 1 ) , ( 3  ) hexane :benzene ( 1 :4 ) , 
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‘ ( 4 )  fienzene and ( 5 )  5-20% c h l o r o f o r m  i n  benzene. P o r p h y r i n s  were 

i n  f r a c t i o n s  ( 3 )  and ( 4 ) ;  t he  l a t t e r  c o n t a i n e d  compounds more 

s u b s t i  t u t c d  i n  c a r b o n y l  g roups .  F r a c t i o n  ( 5 )  c o n t a i n e d  the  

c h l o r i n s .  The f r a c t i o n s  were evapora ted  t o  d r y n e s s ,  taken up i n  

benzene and ana lyzed  by  u l t r a v i o l e t  and v i s i b l e  s p e c t r o m e t r y .  

The p o r p h y r i n  r e s u l t s  were c a l c u l a t e d  u s i n g  t h e  S o r e t  peak 

a t  3 9 0 - 4 0 8 , ~  and the  e x t i n c t i o n  c o e f f i c i e n t  o f  4 X l o 5  (Hodgson, 

-- e t  a l .  1968). The d a t a  f o r  c h l o r i n s  were c a l c u l a t e d  u s i n g  t h e  

6 6 0 ~  peak and = 3 X 10 (Ge.odheer 1966). 4 

The sediment  a f t e r  benzene-methanol  e x t T d c t i o n  was r e f l u x e d  

w i t h  6N HC1 f o r  12 hours  t o  h y d r o l y z e  the  amino a c i d s ,  and then 

f i  l t e r c d .  The f i  l t r a t e  was c o n c e n t r a t e d  by r o t a r y  e v a p o r a t i o n  

under vacuum, and then  d i l u t e d  w i t h  150 n i l  w a t e r .  To t h i s  s o l u t i o n  

3N HF was added, and w h i l e  s t i r r i n g ,  4 N  LiOH was added t o  b r i n g  the  

pH i n  t he  range o f  7-9 t o  p r e c i p i t a t e  s a l t s .  The m i x t u r e  was 

f i l t e r e d  and the  f i l t r a t e ,  c o n t a i n i n g  the  amino a c i d s ,  was 

c o n c e n t r a t e d .  The amino a c i d  s o l u t i o n  was then a p p l i e d  o n t o  

c a t i o n  exchange r e s i n  t o  ccmplete the  d e s a l t i n g  p rocedure .  The 

column was washed w i t h  wa te r  and, when the  e l u e n t  was c h l o r i d e - f r e e ,  

t h e  amino a c i d s  were e l u t e d  w i t h  2 N  NH40H. The f r a c t i o n s  c o n t a i n i n g  

amino a c i d s  were c o n c e n t r a t e d  and r u n  on an amino a c i d  a n a l y z e r .  

O p t i c a l  isomers were de te rm ined  by gas chromatography on the  N-  

t r i f  l u o r o a c e t p l - ( + ) - 2 - b u t y l  e s t e r  d e r i v a t i v e s  o f  the  amino a c i d s  

(Kvenvolden e t  -_.  a l .  1969). 

Reaqen t s  and I n s  trumen t a t  i on 

Organ ic  s o  

t h e  l e v e l  o f  s o  

ven ts  used i n  the p rocedure  were d i s t i l l e d  

v e n t  c o n t a m i n a t i o n  de te rm ined  as < 4  X 10- 

f o r  a l l  s o l v e n t s .  The c h r a n a t o g r a p h i c  p a c k i n g  m a t e r i a l s :  

and 

g/ml  

s i l i c i c  

a c i d  (minus 3 2 5  mesh),  f l o r i s i l  (minus 100 mcsh) and s i  l i c a  g e l  
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( 3 0 - 6 0  mesh), were prewashed w i t h  the  e l u t i n g  s o l v e n t s  i n  r e v e r s e  

o r d e r  o f  a c t u a l  use and oven-d r ied .  The c a t i o n  exchange r e s i n ,  

AG ~ o w - x ~ ,  was washed b e f o r e  use w i t h  NaOH, w a t e r ,  H C l  and a g a i n  

w i t h  w a t e r  u n t i  1 c h l o r i d e - r r e c .  

Gas chromatogt-apl i ic  ana lyses  were c a r r i e d  o u t  on V a r i a n  

Aerog raph  blodels 204, and 1520 and H e w l e t t - P a c k a r d  Model 5 7 5 0  

gas chromatographs.  The f o l l o w i n g  columns were used:  5 ' X  1/8",  

3% SE-30 on 100-120 mesh Chromosorb W :  5 '  X 1/8",  2% Ap iezon L 

on Chromosorb W ;  5 '  X 1 /8" ,  3 %  D E G S  on Chromosorb W ;  and 100'  

(0. 1 ' '  I . D o )  c a p i l l a r y  column coated  w i t h  Apiezon L. U l t r a v i o l e t  

and v i s i b l e  s p e c t r a  were o b t a i n e d  on a Cary  15 s p e c t r o p h o t m e t e r ,  

equ ipped w i t h  a 0.1 cc m i c r o c e l l .  A 21-491 C E C  mass s p e c t r o -  

p h o t o w t e r ,  coup led  w i t h  a Var ian  m o d e l  1200 gas chromatograph 

emp loy ing  a 5 '  X 1/8'!, 5% S E - 3 0  column, was used f o r  s t r u c t u r e  

d e t e r m i n a t i o n s .  

RESULTS 

H y d r oca r b on s 

H o l e  2 

Sample 2 -20  c o n t a i n s  17 ppm and sample 2-103 c o n t a i n s  4 ppin 

o f  i d e n t i f i a b l e  n - a l k a n e s .  The d i s t r i b u t i o n  i s  b imoda l ,  abou t  97% 

of t h e  i d e n t i f i a b l e  hydrocarbon i s  i n  the  range C 2 5 - C 3 3 ,  ( F i g .  4 )  

w i t h  C29 and C 3 1  a c c o u n t i n g  f o r  a t  l e a s t  60%. The remainder  f a l l  

i n  t h e  s h o r t - c h a i n  

p r e f e r e n c e ,  a l t h o u g h  n-C predominates.  For  t h e  range C 2 1 - C 3 3 ,  

t h e  C P I  = 3 . 9  i n  sample 2 - 2 0  and 4 .6  f o r  sample 2-103.  Tho i s o -  

p r e n o i d  hydrocarbons  p r i s t a n e  and phy tane  were d e t e c t e d  i n  low 

abundance ( 5 0  ppb) and the  r a t i o  p r i s . / p h y t .  = 0.7 f o r  2 - 2 0  and 

0.8 f o r  2-103 (see F i g  4 a ) .  

l e n g t h  C , 4 - C 1 9 ,  w i t h  n o  e v i d e n t  odd - to -even  

17 
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Compai- i son o f  hydrocarbons e x t r a c t e d  f rom these samples 

w i t h  hydrocarbons  ii-oni Ihe p e t r o l e u m  a t  d e p t h  uf 136-138 ri lii 

t h e  same hole, s h o w n  i n  F i g .  4c  (Dav id  and Bray, 1969), 

i n d i c a t e s  a l a c k  o f  l o n g - c h a i n  hydrocarbons i n  the  ui 1 .  I t  I s  

t h e r e f o r e  u n l i k e l y  t h a t  t h e  p e t r o l e u m  was a source  o f  the  

hydrocarbons  i n  the  o v e r l y i n g  sed iment .  Th is  i s  f u r the r  suppor ted  

b y  a l a c k  of a r o m a t i c  hydrocarbons i n  the  sample ana lysed,  i n  

compar ison w i t h  the  p e t r o l e u m  f r a c t i o n .  

H o l e  3 

The hydrocarbon p a t t e r n  f o r  t he  uppermost sample 3-34,  i s  

d i f f e r e n t  from the  t h r e e  lower samples ( F i g .  5 ) .  Samples 3-209, 

3-324 and 3-534 c o n t a i n  0.6,  1 . 1  and 1.0 ppm s a t u r a t e d  n - a l k y l  

hyd roca rbon ,  wfwreas 3 - 3 4  c o n t a i n s  9.3 ppm. Fur thermore ,  the 

lower  samples have a d i s t r i b u t i o n  s i m i l a r  t o  those  i n  Ho le  2 ,  

w i t h  80% i d e n t i f  i a b l c  hydrocarbons hav ing  a c h a i n  l e n g t h  7 c 2 4 ,  

whereas 3 - 3 4  has 50% o f  the s a t u r a t e d  hydrocarbons  l i g h t e r  than 

the  p a r a f f i n s  h e a v i e r  than C 2 6  d i s p l a y  a ‘24 
marked odd- to -even  p r e f e r e n c e ,  CP12 1 - 2 9  f a l l i n g  i n  the  range 

. I n  a l l  cases,  

2 - 3 . 5 .  

I s o p r e n o i d  hydrocarbons i n  3 - 2 0 3 ,  3 - 3 2 4  and 3-534 a r e  p r e s e n t  

t r a c e  amoun t i  o n l y  ( 10-20 ppb) ,  whereas i n  3 - 3 4 ,  the  p r i s t a n e  

c o n c e n t r a t i o n  i s  665 ppb and the  phy tane c o n c e n t r a t i o n  i s  383 ppb. 

There i s  a l s o  ev idence  f rom u l t r a - v i o l e t  s p e c t r o s c o p y  f o r  a g r e a t e r  

a r m a t i c  hydrocarbon c o n c e n t r a t i o n  i n  3 - 3 4 .  
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H o l e  6 
- I  i n e  hydrocarbun t u r i t e r i t s  of  the  s a m p l e s  fi-oi;i 6 A - ’ C  I > ?  6-’12 7 J  

and 6-153 at-e 130, 240 and 120 ppb, r e s p e c t i v e l y ,  and no  p r i s t a n e  

2 9 ’  ‘31 o r  phy tane  was i d e n t i f i e d .  Z 

s t r o n g  dominance, and account  f o r  - 5 0 %  o f  the  t o t a l  h y d r o -  

r \ I..,. I r ‘  arid C 33 ( r i g .  2 )  aiiuw’ 

ca rbons .  

H o l e  2 6  

The c o n c e n t r a t i o n  o f  s a t u r a t e d  p a r a f f i n s  i n c r e a s e d  i n  samples 

from t h i s  s i t e  w i t h  dep th ,  f rom 2 . 0  ppm i n  26-100 to 2.4 ppm i n  

‘29’ 26-230 t o  3.4 ppm i n  26-478.  Again,  as i n  o t h e r  samples , 

and C p redominate  ( F i g .  5 )  and the  CPI f o r  C 2 5 - 3 1  i s  3 . 3 ,  ‘3 1 33  
3 . 7  and 2 . 2  i n  the  t h r e e  samples, r e s p e c t i v e l y .  However, u n l i k e  

the  o t h e r  samples, a t  l e a s t  h a l f  t i l2  e x t r a c t e d  hydrocarbons  were 

branched. They showed a complex d i s t r i b u t i o n  over  the  e n t i r e  

hydrocarbon range (C15-C33)  and no a t t e m p t  was made t o  i d e n t i f y  

i n d i v i d u a  1 cmpounds .  

Hole 2 7  

The hydrocarbon c o n t e n t  o f  t he  t h r e e  samples a t  t h i s  s i t e  

i s  v e r y  low (120 ppb f o r  27 -143 ,  810 ppb fo r  2 7 - 2 3 7  and 320 ppb 

f o r  2 7 - 2 4 9 ) .  Again,  t h e r e  i s  a s t r o n g  o d d - t o - e v e n  r e l a t i o n s h i p  

w i  t h  C P 1 2  1 - 3 ,  = 2 .2 ,3 .3  and 2 .5  i n  t h e  t h r e e  samples,  r e s p e c t i v e l y .  

p redcmina te  ( F i g .  5 ) .  25 t o  c33 The l o n g - c h a i n  hydrocarbons  C 
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Bt’anclied hydrocarbons  a r e  o n l y  p r e s e n t  t o  1/50 o f  the  s t r a i g h t -  

c h a i n  components, and p r i s t a n e  i s  l e s s  abundant than phy tane i n  

a1 i cases ( p r i s . / ’ p h y t .  = 0. i 9 ,  0 . 4 3  and 0 . 4 3 ,  r e s p e c t i v e l y ) .  

Per y lene 

P e r y l e n e  (CZ0Hl2) was t h e  o n l y  a r o m a t i c  hydrocarbon 

i d e n t i f i e d  q u a n t i t a t i v e l y  i n  t h i s  s t u d y .  I t  was p r e s e n t  i n  

t r a c e  amounts i n  sample 3-34  o f  t io le  3 and i n  a l l  t h r e e  samples 

ana lysed  i n  H o l e  2 6  i n  q u a n t i t i e s  o f  185 ppb f o r  26-100, 3 3 1  

ppb f o r  26-242 and 161 ppb f o r  26-478.  Th is  compound was n o t  

d e t e c t e d  i n  Ithe o t h e r  samples. 

F a t t y  Ac ids  and A l c o h o l s  - 

H o l e  2 

Sample 2 -20  c o n t a i n e d  660 ppb of h y d r o l y z a b l e  f a t t y  a c i d s  

(HFA) and sample 2-103 o n l y  70 ppb. No f r e e  f a t t y  a c i d s  (FFA) 

were d e t e c t e d .  The dominant  components i n  each case were n-C16,  

No C 1 6  u n s a t u r a t e d  HFA was d e t e c t e d ,  and the  r a t i o  c28 and C 

A-cl,/c18 was ( 1  f o r  b o t h  samples (Tab le  2 ) .  I n  b o t h  samples, 

HFA zCz0 were more abundant.  

30’ 

I t  was e s t i m a t e d  t h a t  < 70 ppb a l c o h o l s  were p r e s e n t  i n  

each sample, even-numbered members, f rom C 1 4  t o  C 2 6  were 

d e t e c t e d .  

H o l e  3 

Whereas n o  FFA were d e t e c t e d ,  HFA were i d e n t i f i e d  i n  a l l  

t h e  f o u r  samples from t h i s  s i t e ,  t he  h i g h e s t  c o n c e n t r a t i o n  

(900 ppb) was i n  the t o p  sample. 

and C18. 

The d o n i n a n t  a c i d s  wer; n - C 1 6  

S a t u r a t e d  C,6 was a lways  more abundant than A - C 1 6  



1 1 .  

( T j b l e  2 ) ,  whereas, i n  3-324 and 3 - 5 3 4 A -  c18 was more abundant  

than  C i 8 .  These were the  o n l y  two samples i n  the  p r e s e n t  s t u d y ,  

.I . 

. 

w h i c h  showed '-5848 ) 1 .  

A l c o h o l s  were d e t e c t e d  i n  a l l  f o u r  samples i n  c o n c e n t r a t i o n s  

e q u a l  t o  25% of HFA. The i d e n t i f i e d  a l c o h o l s  were even-numbered 

compounds, 

h i g h e r  m o l e c u l a r  w e i g h t  compounds w h i c h  wet-e n o t  i d e n t i f i e d  

c o n s t i t u t e  t h e  b u l k  o f  t h i s  f r a c t i o n .  I n  sample 3 - 3 4 ,  p h y t o l  

was d e t e c t e d  a t  t he  c o n c e n t r a t i o n  l e v e l  of 9 ppb, b u t  n o  

the  dominant  a l c o h o l  was g e n e r a l l y  n-Cz0, however, 

d i  h y d r o p h y t o l  c o u l d  be measured. 

Ho le  6 

On ly  t r a c e s  of HFA ( <  50 ppb)  were measured and n c  a l c o h o l s  

were d e t e c t e d  i n  samples analyzed a t  t h i s  s i t e .  

i i o i e  2 6  

T h i s  s i t e  i s  t h e  o n l y  one i n  w h i c h  FFA were i d e n t i f i e d .  

C o n c e n t r a t i o n s  i n  the  t h r e e  samples were 150 ppb i n  26-100,  

1,000 ppb i n  26-230 and 140 ppb i n  26-478 . The h i g h  c o n c e n t r a t i o n  

of FFA i n  26-230 i s  m a i n l y  due t o  l a r g e  amounts of even carbon 

The HFA, however, showed a f a t t y  a c i d s :  C24, C Z 6 ,  C 2 8  and C 

g r a d u a l  decrease from 2,790 ppb i n  26-100 t o  490  ppb i n  26-478. 

I n  a l l  cases,  even ca rbon  a c i d s  f r o m  C 1 6  t o  C 3 0  dcmina te  over  t h e  

30'  

upper  two samp 

The r a t i o  A - C  

( T a b l e  2 ) .  

The a l c o h o l  

odd carbon a c i d s .  Sma l l  q u a n t i t i e s  of  A -C16were p r e s e n t  i n  the  

es ,  b u t  c o u l d  n o t  be d e t e c t e d  i n  26-478 ( T a b l e  2 ) .  

8 t o  c18 was lower a t  t h i s  s i t e  than any o t h e r  

f r a c t  i ons cons i s ted ma i n l y  of  l ong  s t r a  i g h t - c h a  ined 

and a l c o h o l s  i n  the  C 2 0  t o  C 3 0  range, w i t h  o n l y  t r a c e  amounts of C 16 
The even carbon-numbered a l c o h o l s  were d a n i n a n t  ( C P I ' s  *; l o ) ,  18. 
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w i e h  a maximum a t  C24. Aqa in ,  as i n  the case o f  the FFA, 

26-230 c o n t a i n e d  the  g r e a t e s t  c o n c e n t r a t i o n  of a l c o h o l s  

(4 .  i ppm, I a b  i e  3 j gt-caier- t h a n  26- 103 ( 2 . 3  p p ~ )  2nd 26-4;78 

( 0 . 4  ppm) and s u r p r i s i n g l y  exceed ing  the combined c o n c e n t r a t i o n  

o f  FFA and HFA ( 2 . 3  ppmj. i io iswpi-ei-if i id or  o t h e r  b r ? ~ c h e d  

a l c o h o l s  c o u l d  be i d e n t i f i e d  i n  these sediments.  

- 

H o l e  2 7  

No FFA were found a t  t h i s  s i t e .  I n  b o t h  27-1k-3 and 27 -249  

C 1 4  to C 1 8  even-numbered s t r a i g h t - c h a i n e d  HFA dominate.  The 

d i s t r i b u t i o n  i n  2 7 - 2 3 7  i s  b imodal ,  w i t h  a p p r o x i m a t e l y  equa l  

q u a n t i t i e s  i n  t h e  range C l 6 - c l 8  and C24-C28. Sample 27-143 

has t h e  g r e a t e s t  pe rcen tage  c o n t e n t  o f  u n s a t u r a t e d  f a t t y  a c i d s .  

The AI c18/c18 i s  0.78 ( T a b l e  2 ) .  Th i s  r a t i o  a l s o  d e s c r i b e s  the  

d i s t r i b u t i o n  of  x . - C 1 8 / C i 8  i n  2 7 - 2 3 7 .  However; i n  t h i s  sample 

t h e  HFA c o n c e n t r a t i o n  (2 .5  ppm) i s  an o r d e r  o f  magn i tude g r e a t e r  

than t h a t  i n  2 7 - 2 4 9  and n e a r l y  two o r d e r s  o f  magn i tude g r e a t e r  

than the  HFA i n  2 7 - 1 4 3 .  

A p a r t  from sample 2 7 - 2 3 7  where the  a l c o h o l  c o n c e n t r a t i o n  

was 1.4 ppm, the  o t h e r  two samples had < 100 ppb a l c o h o l  ( T a b l e  3 ) .  

The s t r a i g h t - c h a i n  compounds e x t r a c t e d  a r e  dominated  by C 2 2 - C 2 8  

even - num be r e d  mo i e t i es . 

C h l o r i n s  - and P o r p h y r i n s  

In samples f rom a l l  s i t e s ,  e x c e p t  H o l e  3 ,  c h l o r i n s  and 

p o r p h y r i n s  were e i t h e r  absent  (Ho le  6 )  or  m u t u a l l y  e x c u l s i v e  

( T a b l e  3 ) .  I n  Ho le  2 ,  o n l y  p o r p h y r i n s  were p r e s e n t  (19  And 7 

ppb) ,  and f r o m  t h e  spec t rum shown i n  F l g .  6, i t  was deduced by 

compar ison w i t h  s p e c t r a  f rom known p o r p h y r i n s  (Hodgson et d. 
1968) t h a t  t h e  compocnd i s  a vanady l  p o r p h y r i n .  I n  Ho les  2 6  
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. 
and 2 7 ,  i t  was n o t  p o s s i b l e  t o  de te rm ine  the p o r p h y r i n  type  w i t h  

any con f idence .  The s o r e t  a b s o r p t i o n  peaks f o r  p o r p h y r i n  f r o m  

samples 26-478,  2 7 - 1 4 3  and 27-249 l a y  between 395  and 408 nip.  

However, t he  peaks w e r e  n o t  v e r y  sljat-p due t o  s u p e r p o s i t i o n  o f  

o t h e r  a b s o r p t i o n  peaks, p r o b a b l y  a r a n a t i c  hydrocarbons ,  w h i c h  

c o - e l u t e d  w i t h  the  p o r p h y r i n s  and c h l o r i n s .  The n o n - s o r e t  

peaks f o r  samples f r o m  Hole 2 7  were v e r y  s h a l l o w ,  whereas i n  sample 

26-478,  two n o n - s o r e t  peaks a t  555 and 585 rntl were measured, 

i n d i c a t i n g  a p o s s i b l e  m i x t u r e  o f  a t  l e a s t  two s p e c i f i c  p o r p h y r i n s .  

6 e s t  r e s o l u t i o n  was o b t a i n e d  i n  samples f r o m  Ho le  3 ,  e s p e c i a l l y  

3 - 3 4 .  Here,  i t  was p o s s i b l e  t o  s e p a r a t e  two compounds w i t h  

a b s o r p t i o n  p r o p e r t i e s  s i m i  l a r  t o  N i - p o r p h y r i n  (392, 512 and 549 mp) 

and the  o t h e r  w i t h  an a b s o r p t i o n  spec t rum (405-407,  530, 570 mu) 

s i m i l a r  t o  V - p o r p h y r i n  (see F i g .  5 ) .  Two p o r p h y r i n s  w i t h  s i m i  l a r  

a b s o r p t  on c h a r a c t e r i s t i c s  w e r e  a l s o  s e p a r a t e d  f r o m  sample 3 -534 ,  

i n d i c a t  ng a V - p o r p h y r i n  and N i - p o r p h y r i n  m i x t u r e .  I n  t h i s  

sample, t he  r a t i o  o f  V / N i  complex = 13, whereas i n  3 -34 ,  V / N i  

c m p l e x  = 4. 

When p r e s e n t ,  the  c h l o r i n  c o n t e n t  decreases  w i t h  depth .  

They can be recogn ized  by t h e i r  a b s o r p t i o n  peak a t  663-665 mu,  as 

shown f o r  3 -34  i n  F i g .  6. However, the  c o n c e n t r a t i o n  of 

c h l o r i n s  was found t o  be v e r y  g r e a t  i n  sample 26-100 (568 ppb) 

and i t  was p o s s i b l e  to de te rm ine  o t h e r  n o n - s o r e t  peaks a t  668, 

610, 535 and 505 m,u ( F i g .  6 ) .  These a b s o r p t i o n  peaks were a l s o  

measured by  Baker (1970)  i n  Hole 2 6  from a sample a t  120 m d e p t h  

and i n t e r p r e t e d  by him as t y p i c a l  o f  p h e o p h y t i n .  Hence', the  

c h l o r i n s  i n  sample 26-100 and 26-230 s t i  1 1  c o n t a i n  the  p h y t o l  s i d e  

c h a i n .  
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Amino Acids and Racemization 

Because of the r e l a t i v e l y  h i g h  concent ra t ion  of organic  

carbon and the r e l a t i v e l y  good preserva t ion  of the  c h l o r i n s  

and f a t t y  ac ids  i n  t h e  sediment a t  s i t e  2 6 ,  t h e  th ree  samples obtained 

from Hole 2 6  were analysed for hydrolyzable amino ac ids  ( a . a . ) .  

The concentrat ion was g r e a t e s t  i n  sample 26-100 ( 5 0 0  n-moles/g) and 

decreased w i t h  depth (390 n - m o l e s / g  fo r  26-230 and 75 n-moles/g f o r  26-478) 

The a c i d i c  a . a .  ( e . g . ,  glutamic and a s p a r t i c )  decreased most 

r a p i d l y  followed by  hydroxy-amino ac ids .  The neu t r a l  ac ids  were 

more s t a b l e .  The general  pa t t e rn  of deGradation shown i n  F i g .  8 

confirms s t u d i e s  b y  Brown -- e t  a l .  (1972)  on sediment from a f j o r d .  

In t h a t  s t u d y ,  t h e  bas ic  a . a .  were found t o  be the l e a s t  degraded. 

Although degradation i n  t h e  sedirneni coiurnri p roba ' v l y  

r e s u l t s  from microbiological  a l t e r a t i o n  ( i . e . ,  deamination),  

amino ac ids  have a def ined l i fe t ime even under s t e r i l e  cond i t ions ,  

w h i c h  may be p red ic t ab ie  (Abelson 1963 > .  Racemization of the 

enantionlers is  another measure o f  a l t e r a t i o n  (Hare and Abelson, 

1967; Bada e t  a l .  1970; Wehmiller and Hare, 1971),  and was s h o w n  t o  

occur i n  a . a .  f r o m  reducing sediment of a f j o r d  b y  Kvenvolden et s. 
(1970).  

s e r i n e ,  a l an ine  and glutamic ac id  a l ready  s h a v  very s i g n i f i c a n t  

racemization. T h e  g r e a t e s t  change is  seen i n  sample 26-478, 

where a l an ine  shows 47% conversion to  the D-form. 

phenylalanine,  l euc ine ,  va l ine  and p r o l i n e  a l s o  show s ign - i f i can t  

convers i on. 

-- 

The d a t a  i n  Table 4 shows t h a t  i n  sample 26-100, 

A t  t h i s  dep th ,  
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, Us ing  the method o f  Bada -- e t  a l .  ( i 9 7 0 )  f o r  c a l c u l a t i n g  

sed iment  age by the  r a t e  o f  e p i m e r i z a t i o n  o f  L - i s o l e u c i n e  t o  

E - a ~  ~ o i s o l e u c i n e  ( c s t i r n a ~ e d  by p ~ s t t i n r ;  ! r !  C !  + a l l o i s o l e u c i n e /  

i s o l e u c i n e !  ve rsus  d e p t h  o f  b u r i a l ) ,  one o b t a i n s  an age F o r  

L O - L t / 0  = 

g r a p h i c  age of the  sediment  (Upper -Midd le  P l e i s t o c e n e ;  Bader 

-- e t  a l .  1970). However, many p i t f a l l s  e x i s t  i n  the  a p p l i c a t i o n  

o f  t h i s  method f o r  d a t i n g  sediment (Wehmi l l e r  and Hare, 1971). 

I t  can f u r t h e r  be seen from Tab je  4 t h a t  r a c e m i z a t i o n  does n o t  

p r o g r e s s  smoo th l y  down the co re ,  as the  sediment  from 2 6 - 2 3 0  

shows l e s s  L-D c o n v e r s i o n  fo r  s e r i n e  and a l a n i n e  than  i s  

found i n  the  o v e r l y i n g  sample 26-100. I n  p a r t ,  t h i s  i s  due t o  

sou rce  m a t e r i a l  (whether  p l a n k t o n i c  o r  t e r r i g e n o u s )  and p a r t l y  

due t o  t h e  c o n d i t i o n s  of  accumu la t i on .  Fu r the rmore ,  new a.a.  

a r e  b e i n g  generat-pd i n  the  cc!umn- For e . x ~ m p l e ,  the n s n - p r s t e l n  

amino a c i d s  , 8 - a l a n i n e  and - a m i n o b u t y r i c  a c i d  a r e  preset:t i n  

h i g h e r  c o n c e n t r a t i o n  a t  d e p t h  230  m than a t  100 m. These a c i d s  

c o u l d  c o n c e i v a b l y  have been i n t r o d u c e d  a t  t h e  s u r f a c e  by d i v e r s e  

p l a n t  remains.  However, the  p e r c e n t  o f  )3 - a l a n i n e  and -3’- 

I I I I s  u y , L L J  w i t h  the  g e n e r a l  s t r n t i -  
6 

n /  i.-,n . 2  i( 10 y c s r s ,  TI-: ?r*s-ornr 

a m i n o b u t y r i c  r e l a t i v e  t o  the t o t a l  a c i d s  i n c r e a s e s  d r a m a t i c a l l y  

down the  sediment  column (13% a t  100 m, 44% a t  230 m and 70% 

a t  478 m). They were p r o b a b l y  d e r i v e d  by d e c a r b o x y l a t i o n  f r a n  

o t h e r  amino a c i d s  such as a s p a r t i c  and g l u t a m i c  a c i d s .  E v e n t u a l l y ,  

d e a t h  of the  i nd igenous  m i c r o f l o r a  w i  1 1  a l s o  r e l e a s e  new L-amino 

a c i d s  i n t o  t h e  sediment .  

- D i a q e n e t i c  Pathway - o f  Carbon Compounds 

I t  i s  apparen t  f r m  r e s u l t s  i n  F i g u r e  8 and Tab le  5 t h a t  the  

1 i p i d y a s s o c i a t e d  compounds and p r o t e i n - d e r i v e d  amino a c i d s  
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. g e r l e i - a l l y  decrease i n  the  sediment column. T h e i r  combined 

c o n t r i b u t i o n  t o  the  o r g a n i c  carbon i n  t h e  sediment  i s  l e s s  than 1 %  

( T a b l e s  5 arid 6 ) .  Ifi the orc jzn ic  extractable f r a c t i o n  ( T a b l e  5 )  

t h e  hydrocarbons  become the  [nos t abcrndan t canponen t ,  e x c e p t  f o r  

v e r y  young sedirnerl i  (as  i r i  H O I C  ‘ L ‘  L u j  ~ . I L ; , - L  , ~ I I I L l l  has been r a p l d ! y  d e p o s i t e d .  

Here, f r e e  f a t t y  a c i d s  and c h l o r i n s  can a l s o  be d e t e c t e d ,  however, 

t h e  t o t a l  c o n t e n t  o f  t h i s  e x t r a c t a b l e  f r a c t i o n  was found t o  be 

l e s s  than 0.1% o f  t be  t o t a l  o r g a n i c  cat-bon i n  t h a t  sample. Only 

i n  sample 2 - 2 0 ,  where 17 ppm n - a l k y l  hydrocarbon was e x t r a c t e d  

was t h e r e  an i n c r e a s e  abclve t h i s  r e l a t i v e  c o n c e n t r a t i o n .  

I t  i s  t h e r e f o r e  obv ious t h a t  b i o g e n i c - d e r i v e d  o r g a n i c  

m a t t e r  r a p i d l y  t rans fo rms  t o  s t a b l e  c o n f i g u r a t i o n s  o r  e l s e  degrades.  

I t  i s  known o f  cou rse ,  t h a t  carbon compounds a r e  degraded i n  

t h e  sed iment ,  i n  p a r t  because o f  a s m a l l  decrease w i t h  d e p t h  of 

~-.-.~i~l, b u t  a ; s s  b2cauze c ; ~ c z s s  r n  ?lt;erc;:cd l n t e  t h e  i n t e r -  

s t i t i a l  wa te r  ( P r e s l e y  and Kaplan 1968) and r e l e a s e  o f  ammonia, 

methane and hydrogen s u l f i d e  (Nissenbsum -- e t  a l .  1972 b). P rev ious  

s t u d i e s  on v e r y  young near -sho re  r e d u c i n g  s e d i n e n t  (Brown -- e t  a l .  

1972)  have shown t h a t  t h e  humic a c i d  f r a c t i o n  (0.2N NaOH-soluble 

and a c i d - i n s o l u b l e )  may c o n t a i n  40% of t he  t o t a l  carbon and 

a n o t h e r  30% i s  p r e s e n t  i n  t h e  f u l v i c  a c i d  f r a c t i o n .  The f u l v i c  

L, “2 

a c i d  c o n t e n t  decreases w i t h  dep th  o f  b u r i a l ,  and i n  sed iment  

n e a r l y  10,000 years o l d ,  i t  i s  ~ 9 % .  I n  the  p r e s e n t  s t u d y  

( T a b l e  6 )  i t  can be seen t h a t  the humic a c i d  f r a c t i o n  r e p r e s e n t s  

f rom 2 7 4 3 %  o f  i d e n t i f i a b l e  carbon.  The f u l v i c  a c i d  c o n t e n t  

a n a l y s e d  v a r i e d  from 5-18%, b u t  because o f  d i f f i c u l t y  i n  p u r i -  

f i c a t i o n  ( d u r i n g  removal  of s a l t )  r e p r o d u c i b l e  v a l u e s  c o u l d  n o t  

be o b t a i n e d  and a r e  t h e r e f o r e  n o t  r e c o r d e d  i n  Tab le  6. The non-  
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e a t r a c t a b l e  f r a c t i o n  (Kerogen)  r e p r e s e n t s  o n l y  10-14% o f  the  

t o t a l  carbon.  T h e r e f o r e ,  about  50% or  more o f  the  carbon has 

n o t  been accounted  f o r .  i o  t e s t  where t h i s  i o s s  o c c u r r e d ,  

t o t a l  o r g a n i c  carbon remain ing  i n  t h e  sediment  was measured 

by combust ion on a small a l i q u o t ,  a f t e r  each e x t r a c t i o n .  I t  

was found t h a t  t he  carbon was l o s t ,  i n  p a r t ,  d u r i n g  a c i d  h y d r o l y s i s  

b u t  m o s t l y  d u r i n g  a l k a l i  e x t r a c t i o n .  Cleavage of s m a l l  s o l u b l e  

mo lecu les  from the complex hurnic a c i d  has occu r red .  Those w i t h  

a m o l e c u l a r  w e i g h t  o f  s e v e r a l  thousands, t h e  f u l v i c  a c i d s ,  may 

amount t o  10 or  20% of t h e s e  unaccountab le  compounds. Those 

w h i c h  can pass t h r o u g h  a d i a l y s i s  membrane (M.W. < 2 ,000)  b u t  

resemble Components of the  f u l v i c  and humic a c i d s  a r e  l o s t .  

These a r e  p r o b a b l y  p e p t i d e ,  c a r b o h y d r a t e  and a r o m a t i c  c o n s t i  t u e n t s  

w i t h  h y d r o p h y l  l i c  groups.  

- 

DISCUSSION 

S e v e r a l  c o n c l u s i o n s  have emerged from the s t u d y .  F i r s t ,  

i t  i s  apparen t  t h a t  b u r i a l  under c o n d i t i o n s  where hea t  flow i s  

i n s u f f i c i e n t  t o  r a i s e  the  tempera ture  beyond 3 0  or  4 O o C ,  causes 

d i sappearance  ( r e m o v a l )  of most of t h e  l a b i l e  b i o c h e m i c a l  

components o r i g i n a l l y  d e p o s i t e d  i n  the sediment .  There i s  n o  

e v i d e n c e  t h a t  p e t r o l e u m  can form under  these c o n d i t i o n s ,  a l t h o u g h  

s m a l l  q u a n t i t i e s  of hydrocarbons ( i n  t h e  ppm range)  may be 

genera ted  (as appears t o  be happening i n  Ho le  2 6 ) .  

The m a j o r  s i n k  f o r  t he  non-deccmposed b u r i e d  carbon 

compounds i n  u n l i t h i f i e d  sediment ,  i s  humic a c i d  and t o  a leSser  

e x t e n t ,  kerogen. Some compounds a r e  s t r o n g l y  complexed and w i  1 1  

p r e c i p i t a t e  w i t h  the  humic a c i d  po lymer .  Others  w i  1 1  be solcrbi  l i z e d  

on a c i d  t r e a t m e n t  o f  the r 7 1 k c i 1 i n e  humic a c i d  s o l u t i o n  ( t h e  f u l v i c  

! 
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a c i d s ) ,  whereas l e s s  cai ip lexed groups w i  1 1  b c c m e  s o l u b l e  i n  

d i s t i  l l e d  w a t e r  or weak b r i n e .  I t  i s  p r o b a b l e  t h a t  c o n t i n u e d  

d e l i y d r a t l c m  d u r i n g  l i t h i f  i c a t i o n  wou ld  c o n v e r t  p r o p o r t i o n a t e l y  

more o f  the  humic a c i d  f r a c t i o n  t o  kerogen,  a l t h o u g h  we have 

n o  p r o o f  For t h i s ,  i n  the p r e s e n t  s t u d y .  

The env i ronmen t  of d e p o s i t i o n  and a c c u m u l a t i o n  i s  most 

i m p o r t a n t  f o r  the  p r e s e r v a t i o n  o f  o r g a n i c  m a t t e r .  Slow . d e p o s i t i o n  

i n  deep w a t e r  o f  p e l a g i c  sediment ,  or  exposut-e t o  s u r f a c e  c u r r e n t s  

a f t e r  r a p i d  d e p o s i t i o n  (by  t u r b i d i t y  c u r r e n t s )  c o u l d  lead t o  

d e s t r u c t i o n  o f  most  o f  the  l a b i l e  m o l e c u l e s  p r i o r  t o  e f f e c t i v e  

b u r i a l .  Th i s  has p r o b a b l y  o c c u r r e d  a t  s i t e  6 and 6 A  and t o  a 

l e s s e r  e x t e n t ,  s i t e  2 .  O x i d a t i o n  wou ld  r a p i d l y  remove f r e e  

f a t t y  a c i d s ,  c a r o t e n o i d s  (which c o u l d  n o t  be i d e n t i f i e d  i n  t h i s  

s t u d y )  and c h l o r o p h y l l  d e r i v a t i v e s .  

P o r p h y r i n s  wou ld  f o r m  under m i  I d  o x i d i z i n g  c o n d i t i o n s ,  

preceeded by  loss o f  the  p h y t y l  group.  The presence o f  p o r p h y r i n s  

i n  t h e  r e l a t i v e l y  young sediment  o f  H o l e  2 and Ho le  3 may suggest  

an e x t e r n a l  source  r a t h e r  than g e n e r a t i o n  - i n  -- s i t u .  T h i s  i s  p a r t i -  

c u l a r l y  t r u e  f o r  sample 3-34 ,  w h i c h  c o n t a i n s  b o t h  c h l o r i n s  and 

p o r p h y r  i n s .  

A l t h o u g h  t h i s  s t u d y  and t h a t  by  Koons (1970) ,  d o  n o t  show 

a c l e a r  r e l a t i o n s h i p  between t h e  hydrocarbons  i d e n t i f i e d  f r o m  

sediment  o f  Ho les  2 and 3 and the  p e t r o l e u m  removed from Hole  2 

above C h a l l e n g e r  K n o l l ,  t he re  may be h o r i z o n t a l  o r  v e r t i c a l  

m i g r a t i o n  f r o m  v a r i o u s  r e s e r v o i r s .  The hydrocarbon c o n t e n t  i n  

sample 2 - 2 0  i s  4 t imes  g r e a t e r  than i n  2-103,  and t h a t  of sample 

3 - 3 4 ,  9 t imes g r e a t e r  than the o t h e r  samples i n  Ho le  3 ,  w h i c h  

ai-gucs a g a i n s t  a s i m p l e  upward m i g r a t i o n .  However, the  n - a l k y l  
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. f r ' a c t i o n s  here a r e  g r e a t e r  than i n  most o t h e r  u n c o n s o l i d a t e d  

Q u a t e r n a r y  sed imznts .  These samples d i f f e r  f r o m  young sed iments  

i n two o t h e r  r e s p e c t s ,  t h e  presence of poi-phyi- i n s ,  as  s r a  Ked 

e a r l i e r ,  and t h e  presence o f  a r o m a t i c  hydrocarbons .  

(If ps r t i c u  1 a r i n t e  res  t i s t lie sed i men t o 1 og i c a  i e v  i den ce 

f o r  d e t r i t a l  m i n e r a l s  i n  many o f  the o r g a n i c - r i c h  co res .  

Ev idence was a l s o  produced f o r  p l a n t  d e b r i s  i n  Ho le  2 6  and 

t u r b i d i t y  c u r r e n t  d e p o s i t s  a s s o c i a t e d  w i t h  Hole 2 7 .  Both o f  

these s i t e s  a r e  v e r y  l a r g e  d i s t a n c e s  f r o m  land.  The geochemical  

e v i d e n c e  o b t a i n e d  here  i n d i c a t e s  t h a t  l a n d - d e r i v e d  o r g a n i c  m a t t e r  

may be inore common than p r e v i o u s l y  assumed. 

12 Data  shown i n  Tab les  1 and 6 f o r  C I 3 / C  r a t i c s  i n d i c a t e  

t h a t  samples 3 -34 ,  26-230 and 2 7 - 2 3 7  have & C 1 3  r a t i o s  t y p i c a l  

o f  l and  p l a n t s ,  (see Nissenbaurn and Kaplan 1972) .  The l i g h t  

i s o t o p i c  v a l u e s  f o r  the  t o t a l  o r g a n i c  carbon i n  samples 26-230 

and 2 7 - 2 3 7  a r e  a l s o  r e f l e c t e d  i n  the  humic a c i d s  and kerogen 

( T a b l e  6 ) .  Carbon i s o t o p e  va lues  f o r  p l a n k t o n - d e r i v e d  o r g a n i c  

mat te t -  i s  more n o r m a l l y  -18 t o  - 2 2 ~ ~  . I t  has been suggested  

t h a t  o r g a n i c  m a t t e r  i n  mar ine  sediment  w i t h  l i g h t  i s o t o p i c  r a t i o s  

(app roach ing  -39,:, PDB) may be due t o  g r o w t h  i n  c o o l  w a t e r  (Rogers 

and Koons 1969), however, t h i s  i n t e r p r e t a t i o n  i s  s p e c u l a t i v e  

and m a y  o n l y  be a p p l i c a b l e  i n  v e r y  s p e c i f i c  env i ronmen ts  ( S a c k e t t  

and Rank in  1970; P lucke r  1370).  

The presence o f  l o n g - c h a i n  hydrocarbons (C25-C32)  and 

a l s o  l o n g - c h a i n  a l c o h o l s  suggests  t h a t  p l a n t  waxes may have been 

the  c o n t r i b u t i n g  source.  I n  f a c t ,  t he  n - a l k a n e s  o f  a l l  t h e  

samples ana lyzed  i n  t h i s  s t u d y  had h i g h  C P I ' s  ( 2 . 0  t o  4 . 6 ) ,  w h i c h  

i n d i c a t e s  t e r r i g e n o u s  c o n t r i b u t i o n .  A p a r t i c u l a r l y  i n t e r e s t i n g  

- .  .... - , ,  , 
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index  i s  p e r y l e n e  C z O H 1 2 .  A i z e n s h t a t  (1972)  has showii t h a t  t h i s  

i n o l c c u l e  p r o b a b l y  o r i g i n a t e s  f r o m  s o i  1 as the  p r e c u r s o r  4 , 9 -  

d i i ~ y d r n > c y p e i - y l e n e - 3 ,  10-quinone. T h i s  compound i s  h i g h l y  

s u s c e p t i b l e  t o  o x i d a t i o n ,  and t h e r e f o r e  must  be r a p i d l y  

d e p o s i  t z d  under r e d u c i n g  c o n d i t i o n s .  Mar ine  sed iment  p r i m a l - i  l y  

r e c e i v i n g  p l a n k t o n i c  o r g a n i c  m a t t e r  does n o t  c o n t a i n  p e r y l e n e .  

Near -shore  sed iment  d e p o s i t e d  under o x i d i z i n g  oond i  t i o n s  a l s o  

do n o t  c o n t a i n  p e r y l e n e  ( A i z e n s h t a t  1972). 

SUMMARY 

The r e s u l t s  o f  t he  s t u d y  i n d i c a t e  t h a t  d e g r a d a t i o n  and 

d iagenes is  of o r g a n i c  m a t t e r  occu rs  i n  s t e p s .  The i m p o r t a n t  

f a c t o r s  t o  be c o n s i d e r e d  a r e  the  f o l l o w i n g :  

1 .  Env i ronment  o f  d e p o s i t i o n .  I n i t i a l l y ,  t h i s  f a c t o r  i s  

o f  o v e r r i d i n g  impor tance.  I r r e s p e c t i v e  o f  t h e  q u a n t i t y  and 

n a t u r e  o f  o r g a n i c  m a t t e r  be ing  d e p o s i t e d  under  n a t u r a l  c o n d i t i o n s ,  

i - f  t h e  p a t h  t h r o u g h  w h i c h  i t  d e p o s i t s  permi  t s  exposure t o  oxygen, 

a g r e a t  m a j o r i t y  of t h e  o r g a n i c  m a t t e r  w i l l  be decomposed. T h i s  

g e n e r a l l y  occurs  d u r i n g  s e t t l i n g  t h r o u g h  a long w a t e r  column t o  

a b y s s a l  o r  haeda l  depths .  Fu r the rmore ,  p e l a g i c  s e d i m e n t a t i o n  i n  

t h e  b a t h y a l  env i ronmen t  i s  g e n e r a l l y  v e r y  s l o w  (< 1 cm/1,000 y r s . )  

and p e r m i t s  d e p o s i t e d  m a t e r i a l  t o  be degraded once i t  has s e t t l e d .  

S i t e  6 d e s c r i b e d  i n  t h e  p r e s e n t  s t u d y  f a l l s  i n t o  t h i s  c a t e g o r y  

of  e n v i  r'onment. 

2 .  Source o f  m a t e r i a l .  I f  d e p o s i t i o n  i s  r e l a t i v e l y  r a p i d  

and t hc cnv i ronmen t  o f  d e p o s i t i o n  a 1  lows o r g a n i c  m a t t e r  t o  be 
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b l l r r ied,  i t s  a l t e r a t i o n  p a t h  w i  1 1  depend on the  n a t u r e  of  t h e  

i n i t i a l  o r g a n i c  m a t t e r .  Land-de r i ved  I l i g h e r  p lan t :  m a t e r i a l  

2 c o n t a i n i n g  l i g n i n s  and waxes at-e p r o b s S i y  nor degraded t o  C O  

as e f f e c t i v e l y  as p l a n k t o n - d e r i v e d  ot-cjaniz m a t t e r .  The t e r r i g e n o u s  

or i g i n of s t a r t  i ng ma te r  i a 1 can be recogn i zed by sevei-d i i i ld  i L ~ S  

d e s c r i b e d  i n  t h i s  paper ;  ( i )  6 C 1 3  v a l u e s  < -2b;,, ( i i )  l o n g -  

cha i  t i  a l c o h o l s  and hydrocarbons () C Z 7 ) ,  ( i i i )  C P I  ) 2 i n  

t h e  hydrocarbons and ( i v )  presence of  the  a r c m i a t i c  hydrocarbon 

p e r  y lene.  

3.  Env i ronment  o f  accumu la t i on .  G e p o s i t i o n  on the  sea 

f l o o r  by means o f  t u r b i d i t y  or d e n s i t y  c u r r e n t s  may be r a p i d .  

However, these may occu r  a t  i n f r e q u e n t  p e r i o d s ,  s o  t h a t  r e - w o r k i n g  

of t h e  s u r f a c e  sed iment  by b o t t m  c u r r e n t s  and S c n t h o n i c  organisms 

may p r e v e n t  the  p r e s e r v a t i o n  o f  "de 1 i c a t e "  components such as 

u n s a t u r a t e d  f a t t y  a c i d s ,  c h l c r i n s  o r  t he  q u i n o i d  p r e c u r s o r s  o f  

p e r y l e n e .  I n  s u c h  an e v e n t ,  ev idence  f o r  source  o r i g i f i s  based 

on presence o r  absence of  ephemeral  compoui~ds may be m i s l e a d i n g .  

T h i s  e x p l a n a t i o n  can p r o b a b l y  be a p p l i e d  t o  the  o r g a n i c  m a t t e r  

o f  s i t e  26 .  

4. A l t e r a t i o n  pathway, The two most  p i -mounced p a t t e r n s  

a r e :  ( a )  d e g r a d a t i o n  o f  r e c o g n i z a b l e  b i o l o g i c a l  po lymers  

(e.g. ,  c e l l u l o s e ,  p r o t e i n s )  and ( b )  f o r i i m t i o n  or new condensed 

components e n r i c h e d  i n  h y d r o p h y l i c  groups and pr-obably  a r o m a t i c  

compounds. Caro teno ids  d i sappear  e a r l y ,  c h l o r o p h y l l  a l t e r s  t o  

p h a e o c h l o r i n s  which may a lmos t  d i s a p p e a r ,  e x t r a c t a b l e  amino a c i d s  

amount t o  < 1% of  t h e  t o t a l  o r g a n i c  r e s e r v o i r .  The humib and 

f u l v i c  a c i d  components assume 50% o f  the  t - o t a l  e x t r a c t a b l e  o r g a n i c  

m a t e r i a l .  I n  f a c t ,  t h e y  may r e p r e s e n t  807'+ of t h e  o r g a n i c  m a t t e r ,  
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b u t  a r e  h y d r o l y z e d  d u r i n g  alkaline- e x t r a c t i o n ,  a t  w h i c h  t ime  the  

p a r t i a l l y  a l t e r e d  ccmpounds niay be e i t h e r  canp lexcd  o r  s t r o n g l y  

adsorbed t o  these h igh- i i iu lecu i a r  i i e  i g h t  ccr::poner!ts. K .erqpn 

appears  t o  c o n s t i t u t e  <2O% o f  t h e  o r g a n i c  m a t t e r  i n  t h e  

u n l i t h i f i e d  sed iment .  New mo lecu les ,  such as p e r y l e n e  o r  

po r .phy r ins ,  may appear .  

5 .  A l t e r a t i o n  d u r i n g  l i t h i f i c a t i o n .  D i a g e n e s i s  d u r i n g  

l i t h i f i c a t i o n  w i  1 1  i n v o l v e  d e h y d r a t i o n  and p o s s i b l y  h e a t i n g .  

The humic a c i d  c m p l e x e s  may beg in  t o  degrade,  r e l e a s i n g  t h e i r  

c o n s t i t u t i v e  compounds. The remainder  may become l e s s  s o l u b l e  

and w i  1 1  then  be termed kerogen.  The a l t e r a t i o n  f r o m  humic 

a c i d  t o  kerogen i s  n o t  unders tood and few examples have y e t  been 
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I. 

Tab le  3 
Condc t i t i - a t i on  of i d e n t i f i e d  compounds Troiii t~c t i ze i i e -n~c thc7 r io l  e x t r a c t  

(pg/100 9 )  

H o l e  D e p t h  n -  A l k a n e s  P e r y l e n e  FFA H FA A l c .  C l i l o r i n s  P o r p h y r i n s  
( n i l  

2 20 1700 a. a. 60 ,--I 7 a.  1.9 

2 103 403 a.  a. 7 ' 7  a .  0.7 

3 34  93 0 t. a. 90 2 3  8 . 1  7.1 

3 203 59 a. a. 2 9  ' 5  4 . 9  0 . 9  

3 324 114 a. a .  3 6  3 0 . 8  1.0 

3 534 102 a. a. 4 1  9 a. 2.3 
~ ~- ~ ~ __ 

6A 15 13 a. a .  < 5 a. a. a.  

6 4 3  24 a. a. < 5 a .  a. a .  

< 5  a. a .  a .  6 I J J  1L a. a. - 1 3  - 11-3 

2 6  100 191 18.5 15 279 233 56.8 a.  

2 6  230  242 33 .1  100 130 4 07 14.6 a. 

2 6  4 78 3 44 16. 1 14 4 9  60 a.  1.8 

2 7  143 12 a. a. 3 9 a.  0.2 

2 7  237 8 1  a. a. 2 5 0  136 1.2 a. 

2 7  249 32 a .  a. 28 4 a.  0.8 

a .  = none d e t e c t e d  

t .  = t r a c e  

.r ,.^__ . 
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T A B L E  4: %D enanticii icr-  0 1  ai i l l t io ac ids  from Role 2 6  

---- -- -I--_ 

I A m i n o  A c i d  Sample d e p t h  (in) 
_I___-___ 

-1- -v- 

478 A " " 

A la 2 1 . 0  19.0 47.1 26. 1 

Va 1 6.2 " 12.6" 2 2 . 7  16.5 

I100 230 

.I- 

Jc 
A i  l e u  4.5* 6.9" 14.2 9.7 

Le u 7.8 15.0 28 .6  20.8 

Pro 1 1 3 *  14.0" 24.8* 12.9 

I Se r 29.9 10.5 35.2'' 5 .3  

Phc 10.9 15.3 32.2 21.3 

G l u  19.2" 2 4 . 3 "  34.8'' 15.6 

- 

Results a r e  a n  a v e r a g e  of d a t a  f r o m  t w o  capi l l a r y  c o l u m n s  coaxed 
w i  t h  d i f f e r e n t  l i q u i d  phases--UCON 751i-90,OOO a n d  XE-60. 
( K v e n v o l d e n  -- e t  a l . ,  1970) 

-k Results from o n l y  one c o l u m n .  
** 478 m i n u s  100 
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P h o t o s y n t h e t i c  a c t i v i t y  o f  Cyanidiurn ca lda t - ium grown 

under  p u r e  C02 was r e c e n t l y  r e p o r t e d  (Secl ibach -- e t  a l .  1970; 

Sechbach -- e t  a i .  1971).  We now p r o v i d e  a d d i t i o n a l  d a t a  f o r  

t h i s  thermophi l i c - a c i d o p h i  l i c  a l g a  c o n c e r n i n g  i t s  g r o w t h  and 

C / C 1 2  i s o t o p e  f r a c t i o n a t i o n  c h a r a c t e r i s t i c s .  T h i s  h o t  s p r i n g  13 

a l g a  was grown i n  a C02 atmosphere a t  d i f f e r e n t  tempera tures  

for  v a r i o u s  p e r i o d s  o f  t i m e  w h i l e  m o n i t o r i n g  t h e  pH. C o n t r o l s  

c u l t u r e d  i n  l a b o r a t o r y  a i r  were grown i n  p a r a l l e l .  

Da ta  f o r  t h e  C i s o t o p e  compos i t i ons  were de te rm ined  by 

combust ion  o f  t he  c e l l s  i n  a vacuum sys tem u s i n g  t h e  m o d i f i e d  

t e c h n i q u e  d e s c r i b e d  b y  C r a i g  (1953) .  The C02 c o l l e c t e d  was 

t r a n s f e r r e d  t o  a 6 - i n c h ,  60° r a d i u s ,  d u a l - c o l l e c t i n g  mass 

s p e c t r o m e t e r  manu fac tu red  b y  N u c l i d e ,  I n c .  (Pennsy lvan ia ,  

U.S.A.) ,  A 1 1 

r e s u l t s  a r e  quoted  r e l a t i v e  t o  PDB. The 6 v a l u e  i n d i c a t e  

t h e  d i f f e r e n c e  i n  p e r  m i  1 o f  the C 1 3 / C 1 ’  r a t i o  o f  t he  sample 

r e l a t i v e  t o  a s t a n d a r d ,  and i s  d e f i n e d  as :  

C 1 3 / C 1 ’  sample - C 1 3 / C 1 ’  s t a n d a r d  ,,3 ”%J = 
C 1 3 / C  l2 s t a n d a r d  

6C13 f o r  a i r  C02 was taken as -7c& , whereas f o r  t a n k  C02 i t  was 

measured as -34 cgc i n  exper iments  c a r r i e d  o u t  a t  UCLA and -30  04, 

i n  C02 used a t  the Hebt-ew U n i v e r s i t y .  
12 . 

Measurements on C 1 3 / C  i s o t o p e  r a t i o s  i n  p h o t o s y n t h e t i c  

systems,  i n d i c a t e  t h a t  m o s t  h i g h e r  p l a n t s  ( i n c l u d i n g  a l l  lower 

v a s c u l a r  p l a n t s  and a l l  gymnosperms e x c e p t  Welwi t c h i a )  y i e l d  

& C l 3  va lues  o f  - 2 4  t o  -34 ( S m i t h  and E p s t c i n  1971) .  A lgae ,  



l i c h e n s  and nsnop lank ton  g e n e r a l l y  y i e l d  v a l u e s  -12 t q  -20  % 

( P a r k  and E p s t e i n  1960). One p o s s i b l e  e x p l a n a t i o n  s q g e s t e d  

f o r  t h e  d i f f e r e n c e ,  i s  t h a t  the  a l g a e  at-e m e t a b o l i z i n g  b i t a r - b o n a t e ,  

w h i c h  i s  abou t  7 or 8 c& more e n r i c h e d  i n  C 1 3  than  a t m o s p h e r l c  

o r  d i s s o l v e d  C02. The inc rease  i n  s o l u b i  i i  t y  o f  i o 2  w i t h  

dec rease  i n  tempera tu re  was used t o  e x p l a i n  h i g h  en r i chmen t  

i n  C 1 2  ( S c l 3  e - 2 6  %o ) i n  a lgae  grown a t  low tempera tu res  

(lO°C) i n  the  l a b o r a t o r y  (Deuser e t  -- a i .  1968; Degens -- e t  a l .  1968a) 

and i n  ocean p l a n k t o n  hau ls  o b t a i n e d  i n  h i g h  l a t i t u d e s  (Degens 

-- e t  a l .  1968b). T h i s  e f f e c t  i s  of p o t e n t i a l  e c o l o g i c a l  s i g n i f i c a n c e ,  

as a means o f  d e t e r m i n i n g  env i ronmen t  o f  g r o d t h  by s t u d y i n g  o r g a n i c  

m a t t e r  i n  sediment .  - C .  ca lda r iu rn  was e s p e c i a l l y  chosen f o r  t h i s  stildy 

as i t  grows a t  low pH and, t h e r e f o r e ,  must  o n l y  f i x  d i s s o l v e d  C02. 

The c u l t u r e s  were grown i n  a g i t a t e d  m i n e r a l  med ia  and a s p i r a t e d  

w i t h  C02 o r  a i r  as p r e v i o u s l y  d e s c r i b e d  (Sechbach -- e t  a l .  1971 ) .  

T y p i c a l  g r o w t h  cu rves  o f  Cyanid ium - c a l d a r i u m  - c e l l s  grown a t  room' 

tempera tu re  ( 2 6 O )  and a t  e l e v a t e d  tempera tu re  ( 4 5 O )  a r e  p r e s e n t e d  

i n  F i g u r e  1A and B, r e s p e c t i v e l y .  Growth  v a l u e  i s  expressed as 

t h e  o p t i c a l  d e n s i t y  o f  t h e  s t i ~ p ~ 1 r j ~ i ~ n  a t  580 nm w h i c h  a l s o  g i v e s  

an e s t i m a t e  o f  t he  volume ( m l / l )  qF packed c e l l s .  I t  i s  c l e a r  

f r o m  the  g r o w t h  o f  Cyan id ium a t  room t empera tu re  ( F i g .  1A) t h a t  

c u l t u r e s  grown on pu re  C 0 2  have a l a g  p e r i o d  of a d a p t a t i o n  o f  

n e a r l y  two weeks and then  show a h i g h e r  r a t e  of c e l l u l a r  i n c r e a s e ,  

whereas a e r a t e d  c u l t u r e s  show a g r o w t h  response w i t h i n  one o r  t w o  

days.  When Cyan id ium i s  i ncuba ted  under  C02 a t  45' ( F i g .  l e ) ,  

v i s i b l e  g r b w t h  i s  observed w i t h i n  24-48 hours and the  g r o w t h  t-ate 

i s  I i i g h e r  than i n  the  a e r a t e d  c o n t r o l ,  i n  c o n t r a s t  t o  r e s u l t s  



I, . 3 .  

b 

o b t a i n e d  w i t h  C02 a t  room tempera ture  ( F i g .  1A). The g r a v t h  

c u r v e s  shown i n  F i g s .  1A and 1B were comp i led  From t h r e e  

d i f f e r e n t  exper imen ts .  An a d d i t i o n a l  c h a r a c t e r i s t i c  o f  t h i s  

o rgan ism,  i s  t he  decrease i n  pH ( F i g .  2 )  i n  t h e  l i q u i d  g r o w t h  

media t o  3 2 o r  lower .  

Tab le  1 i 1 lus  t r a t e s  the  tempera ture  i n f l u e n c e  of carbon i s o t o p e  

c o m p o s i t i o n  i n  Cyan id ium grown i n  C02 o r  i n  a i r .  

t empera tu re  f rom 25' o r  2'6' C t o  45' o r  50°C i n  t h e  a i r - g r o w n  

A n  i n c r e a s e  of  

c e l l s  does n o t  r e s u l t  i n  any s i g n i f i c a n t  change i n  the  c e l l u l a r  

i s o t o p i c  r a t i o  o f  t h e  c e l l s  ( AhC13 z - 1 1 . 7 ~ ~  

40-50°C). 

l i g h t  i s o t o p e  (decrease i n  6 C 1 3 )  a t  t h e  h i g h e r  tempera tu re  than 

a i r - g r o w n  c e l l s  (Ave.  AfiC 13 z s  -18.42;p fur ra/ge 4Oo-5O0). 

Two c u l t u r e s  gt'own on C02 a t  25' and 26OC have A€iC13 v a l u e s  

-5xC and - 1 1 ~ ~  , r e s p e c t i v e l y .  

a t  25OC and -13.5%0 a t  

C02-grown c u l t u r e s  consis tent ly  show a g rea te r  enrichnent i n  the 

These r e s u l t s  a r e  i n  c o n t r a s t  t o  t h e  n o r m a l l y - a c c e p t e d  

b i o g e n i c  i s o t o p e  e f f e c t ,  w h i c h  p r e d i c t s  t h a t  t h e  k i n e t i c a l l y -  

c o n t r o l l e d  process  s h o u l d  show g r e a t e r  f r a c t i o n a t i o n  a t  lower 

m e t a b o l i c  r a t e s  ( l o w e r  tempera tu res ) .  F r o m  d a t a  p r e s e n t e d  i n  

Tab le  1 ,  a t t e n t i o n  s h o u l d  be focused on t w o  v a l u e s  fo r  C02-grown 

c e l l s  a t  26OC i n  Exper iment  1.  When c e l l s  were s t i l l  i n  t h e i r  

e a r l y  g r m t h  s tage  (114 days o l d )  t h c  ana lyzed  v a l u e  was -1 Ig0 ,  

whereas, a f t e r  41 days o f  g rowth ,  t he  c u l t u r e  y i e l d e d  a measured 

A d d i t i o n a l  i n f o r m a t i o n  on t h e  s t a b l e  C i s o t o p e  d i s t r i b u t i o n  

was o b t a i n e d  f r o m  l i p i d  f r a c t i o n s  e x t r a c t e d  f rom a n a e r o b i c a l l y  

(C02) and a e r a t e d  grown Cvanidiurn c e l  1s. T3b le  2 demonst ra tes  

t h a t  C r a t i o s  i n  t h e  l i p i d  f r a c t i o n  o f  C 0 2 - g r w n  c e l l s  13,c 12 



I. . 
4.  

i s  s i m i  l a r  t o  the  r a t i o  of unext rac t -ed  c e l  1 ca i iponents ,  whereas 

ii; ; . I r - f i r - n ' h r n  y V . . , ,  c e ! ? s ,  t h e  l i g h t  i q o t o p e  i s  e n r i c h e d  p r e f e r e n t i a l l y  

i n  the  l i p i d  carbon as p r e v i o u s l y  observed i n  p l a n k t o n  . The 

l i p i d  f : z ; c t i ~ n s  ?!ere ehtained f rnm ca. 100 mg l y o p h i l i z e d  a l q a e  . .  

powder w h i c h  was e x t i - a c t e d  by r e f l u x i n g  over  a b o i  1 i ng  w a t e r  

b a t h  w i t h  50 m l  o f  methano1:ch lo ro fo rm:benzene ( 1 : 2 : 2 )  f o r  2 . 5  

hours .  The e x t r a c t  was c e n t r i f u g e d  f o r  30 minu tes  and t h e  

l i p i d  s u p e r n a t a n t  was removed from the  r e s i d u e ,  b o t h  f r a c t i o n s  

were d r i e d  p r i o r  t o  the  C 1 3  d e t e r m i n a t i o n .  

I n c r e a s e  i n  tempera ture  and decrease i n  t h e  n u t r i e n t  pH 

lowers  t h e  s o l u b i l i t y  o f  C02, w h i c h  i s  1.7 t i m e s  h i g h e r  f o r  

w a t e r  a t  2 5 O  than a t  50' (Dodds -- e t  a i .  1956).  Thus, i n c r e a s e  

i n  i s o t o p e  f r a c t i o n a t i o n  w i t h  i n c r e a s e  i n  tempera ture  cannot  be 

a f u n c t i o n  o f  t h e  a v a i  l a b i l i t y  o f  carbon.  We b e l i e v e  t h e  e f f e c t  

i s  p r o b a b l y  due t o  the invo lvement  o f  d i f f e r e n t  t empera tu re -  

c o n t o l  led r a t e - l i m i  t i n g  processes,  e i t h e r  i n  a c t i v a t i o n  o r  t r a n s f e r  

o f  carbon d i o x i d e  by enzyme-bound m o i e t i e s .  I n  n a t u r e ,  d i f f e r e n t  

a l g a l  s p e c i e s  c o u l d  have optimum enzyme-subs t ra te  r e a c t i o n s  a t  a 

v a r i e t y  o f  t empera tu res ,  pH and  s u b s t r a t e  l e v e l s ,  hence y i e l d i n g  

d i f f e r e n t  i s o t o p e  e f f e c t s  even under i d e n t i c a l  c o n d i t i o n s  o f  

g rowth .  

For compar ison,  samples o f  h o t  s p r i n g  a l g a e  were measured 

f r o m  env i ronments  o; known pH and tempera tu re .  A mat of 

- C. c a l d e r i u m  ( c o l l c c t e d  by J. Oeh ler ,  June 1971) f rom Nymph Creek 

i n  Ye l l ows tone  Park a c t i v e l y  g rowing  i n  w a t e r  a t  4 4 O C  and pH 2 . 7 ,  

was ana lysed  some weeks a f t e r  c o l l e c t i o n  and y i e l d e d  6 C 1 3  = - 1 2 . 3 0 ~ ~  

o r  A6C13 = -5.301, ( a ~ s u n i i n g  a i r  C02 = -7%,). 

than  t h a t  measured f o r  a i r - g r o w n  c e l l s  i n  the l a b o r a t o r y .  

T h i s  v a l u e  i s  l e s s  



5. ”. 

A l g a l  mats f rom t h e  Orakei  Koi-ako geothei-ma1 at-ea o f  New 

Zea land  (see Kap lan ,  1956) wet-e c o l l e c t e d  by E .  L l o y d  o f  

D . S . I . R .  a round s p r i n g s ,  ponds and geyse rs  d u r i n g  1960 and 1961 

a t  d i f f e r e n t  seasons. The water  tempera ture  a t  t he  sou rce  and t h a t  

i n  c o n t a c t  w i t h  the  a l g a l  m a t s  was measured. The pH was measilred 

a f t e r  p e r m i t t i n g  the  w a t e r  t o  c o o l  t o  a tmospher i c  tempera tu re .  

The a l g a l  mats were then a i r - d r i e d  b y  spt-eading them o u t  i n  a 

warm room. A l l  samples were f i r s t  t r e a t e d  w i t h  1N HC1 t o  d i s s o l v e  

ca rbona te ,  b e f o r e  c o n b u s t i o n  f o r  i s o t o p e  measurement. 

I t  i s  a p p a r e n t  t h a t  a t  the h i g h  pH i n  t h i s  env i ronmen t ,  

b i c a r b o n a t e  w i l l  p r e d a n i n a t e .  

t o  -23.8%, over  a tempera ture  o f  g r o w t h  range o f  30° t o  63°C. 

Howcver, a g l a n c e  a t  Tab le  2 i n d i c a t e s  t h a t  t h e r e  i s  n o  d i r e c t  

r e l a t i o n s h i p  between tempera ture  o f  gr:iwth and the  6 C 1 3  o f  

t h e  a lgae .  

a t  t h e  h i g h e s t  t empera tu re  of  g r a v t h .  U n f o r t u n a t e l y ,  t he  hC 

o f  t h e  d i s s o l v e d  H C O -  i s  n o t  known, b u t  one may assume t h a t  i t  i s  

r e a s o n a b l y  c o n s t a n t  f o r  a l l  the p o o l s ,  as t h e  env i ronmen t  of 

The spread i n  6 C 1 3  i s  f r o m  - 1 1 . 1 % ,  

P a r a d o x i c a l l y ,  t h e  g r e a t e s t  en r i chmen t  i n  C 1 3  o c c u r r e d  

13 

3 

g r o w t h  i s  l o c a l i z e d  and source  o f  w a t e r  i s  p r o b a b l y  t h e  W a i k a t o  

R i v e r .  

These p r e l i m i n a r y  d a t a  suggest  t h a t  c a u t i o n  must  be e x e r c i s e d  
13,c 17 i n  i n t e r p r e t i n g  C d a t a  on n a t u r a l  l y - o c c u r r i n g  organisms 

and t h e i r  degraded i l i - U d \ J C t S  ( : n  s o i l  or  sed imen t ) ,  i f  t h e y  a r e  t o  

be used i n  i n t e r p r e t i n g  e n v i r o n m e n t a l  c o n d i t i o n s ,  e s p e c i a l l y  

t empera tu re  o f  g r o w h .  

However, one m;y s p e c u l a t e  f rom the  r e s u l t s ,  t h a t  unusua l  

en r i chmen ts  i n  C 1 ’  o c c a s i o n a l l y  found i n  kerogen f r c m  Precambr ian 

r o c k s  ( H o e r i n g  1367; S m i t h  e t  a l .  1970; Oeh ler  _ _ -  e t  a l .  1972), 



may have o r i g i n a t e d  in h o t  s p r i n g  a l g a e  g r o w i n g  i n  a c i d  w a t e r s  

undzr a h i g h  t e n s i o n  o f  c n  
"2 
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13* Table 1 .  Carbon isotope f r a c t i o n a t i o n :  6C 

b y  laboratory grown C. cyanidium i n  the presence 

f 

o f  a i r  or C02 a t  various temperatures 

- 
Temperature 0 C of  growth 

2 5  - 26  40 45  50 

26 -- 1 1  14 17 18 14 14 41 

- -  -5 .1 1 +  -19.0 -17.0 4 -15.5 1 O2 
-24 .03  -19.3’  -16.6 4 

-11.0 3 

4 I 

A i  r - 12.3 -11.0 3 - 14.9 4 c - -  -13.0 2 -11.0 3 -13.8 -14.8 

- 1 2 .  o2 

.I, ‘‘A 6C13 = 6C13 sample - 8C13 s u b s t r a t e  

# Exper imcnt number 



12 T a b l e  2 .  C 1 3 / C  r a t i o s  o f  Cyanidiun! l i p i d  e x t r a c t e d  f rom 

c e l l s  grown under  pure C02 and a i r -  (0.03% CO,) a t  

d i f f e r c n  t tempe r a  t u  re s 

Temperature (OC) 2 5 45 

F r a c t i o n  L i p i d  Res idue  L i p i d  Res idue 
- -__.-__-- 

r n  
" "2 

C o n d i t i o n  

A i r  

-18.9 

-14.1 

-17 .5  

-11 .2  

- ? I ! .  5 

-19.6 

-23.3 

- 1 0 . 7  
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LEGENDS FOR F I G U R E S  

F i g u r e  1 Growth o f  Cyanidium c a l d a r i u m  as a f u n c t i o n  o f  C02 

( s o l i d  f i g u r e s )  o r  a i r  (open f i g u r e s )  a t  roan: 

t e m p e r a t u r e  ( A )  and a t  4 5 O  ( B ) .  

exp ressed  i n  u n i t s  o f  O.D. a t  580 my ( w h i c h  g i v e s  

a r e l a t i v e l y  accu ra te  p i c t u r e  o f  t h e  c e l l  mass a t  

t h i s wave 1 eng t h . 

Growth va lues  a r e  

F i g u r e  2 T h e  pH m o d i f i c a t i o n  of  t he  n u t r i e n t  media d u r i n g  

g r o w t h  o f  Cyanid ium c a l d a r i u m  c e l l s  under C02 

(-- ) or  a i r  ( - - - - - - - - -  ) a t  4 5 O  ( A )  and 2 6 O  

( B ) .  
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A B S T R A C T  

Pe ry lene  was found  i n  a v a r i e t y  o f  mar ine  

sed iments ,  3 s h a l e  and i n  p e a t .  I t  i s  suggested  t h a t  

i t s  p r e c u r s o r s  a r i s e  predomi nan t l y  f r o m  land organ isms 

and a r e  c a r r i e d  i n t o  ocean ic  t r a p s  a l o n g  w i t h  d e t r i t a l  

m i n e r a l s .  When r a t e s  O F  d e p o s i t i o n  a r e  f a s t ,  and 

r e d u c i n g  c o n d i t i o n s  a r e  e s t a b l i s h e d  w i t h i n  t h e  sed iment ,  

b i o g e n i c  p igment  p r e c u r s o r s  of p e r y  ene a r e  c o n v e r t e d  

t o  t h e  p o l y c y c l i c  a r o m a t i c  hydrocarbon,  w h i c h  i s  t hen  

s t a b i  l i z e d  by  *:bonding w i t h  m e t a l s  and p r o t e c t e d  

f r o m  d e g r a d a t i o n .  
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I N T R O D U C T I O N  

Pery lene  (see F i g .  1 )  has been found i n  Lhe a r a n a t i c  

hyd roca rbon  f r a c t i o n s  of some sed iments  and c e r t a i n  p e t r o l e u m  

. h i g h  b n l  I i z g  f r a c t i c i 7 s  (Sci1r:urmann -- e t  a i .  1953; C a r r u t h e r s  

and Cook 1954). More r e c e n t l y ,  p e r y l e n e  has been r e p o r t e d  i n  

s o i  1 (Blumer 1961),  p e a t  ( G i l l i  l and  and Howard 1960; Bergmann, 

I k a n  and Kashman 1964), m'arine sed iments  (Ort- and Grady 1967),  

and f r e s h  w a t e r  l a k e  sediments (Hodgson -- e t  a l .  1968a). I n  

most  cases,  o n l y  s e m i - q u a n t i t a t i v e  d a t a  have been r e p o r t e d .  

T h i s  s t u d y  was prompted by  t h e  f a c t  t h a t  t h e  r e s u l t s  and 

c o n c l u s i o n s ,  r e p o r t e d  b y  O r r  and Grady (1967)  may be 

q u e s t i o n e d ,  on t h e  b a s i s  of  p o s s i b l e  o i l  seeps i n  nearby  

San ta  B - : rba ra  Channel. A s  p o l y c y c l i c  and o t h e r  a r o m a t i c  

compounds a r e  g e n e r a l l y  no t  d e t e c t a b l e  i n  r e c e n t  m a r i n e  

sed imen ts ,  and because p e r y l e n e  can be measured i n  low con-  

c e n t r a t i o n s  ( < 1.0 ppm), i t  was d e c i d e d  t o  r e - i n v e s t i g a t e  

t h e  o c c u r r e n c e  o f  p e r y l e n e  i n  a v a r i e t y  of m a r i n e  sed iments .  

EXPERIMENTAL 

Samp 1 e des c r  i p t i on 

A l l  t h e  rnzr inc  s J i n p l e s  studied c o n s i s t  o f  c lay  m i n e r a l s  

as a m a j o r  component. The i n t e r s t i t i a l  w a t e r s  were s t u d i e d  

by  out- g roup  e x t e n s i v e l y  excep t  f o r  t h e  Bandaras Bay (B.B.-1) 

sample. Fo r  the  p r e s e n t  s tudy ,  i t  i s  i m p o r t a n t  t o  e s t a b l i s h  

t h e  redox  s t a t e  o f  the  sediment a t  t h e  t i m e  o f  d e p o s i t i o n  and 

a t  p r e s e n t .  I n  t h e  case of the Santa  Barbara  samples,  Core 3 
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o f  . t h e  Ssanlc!? I r , !e t ,  and t h e  Sdn Pedro F i a r t i r  Bas in ,  t h e  

n e g a t i v e  E h  and s u l f a t e  r e d u c t i o n  a r e  e v i d e n t  f r o m  the  s u r f a c e  

down the c o r e s ,  w h i  l e  our  samples from T a r n e r  % s i n  ( T 1  a11d T 2 j  

i n d i c a t e  no s u l f a t e  r e d u c t i o n  i n  t h e  f i r s t  m e t e r ,  b u t  an 

e x t e n s i v e  r e d u c t i o n  below t h a t  dep th .  Csrc J - 2 6  ' \ J U l U L . S )  I n T m r r r '  

e x h i  b i  t s  a n o t h e r  i nconsi  s tency,  whi  l e  the  E h  reco rded  i s  

p o s i t i v e ,  t h e r e  i s  s u l f a t e  r e d u c t i o n  f r m i  100 m. t o  230  m. 

T h e r e f o r e ,  we suggest  u s i n g  the t o t a l  o r g a n i c  m a t t e r  and t h e  

p r e s e r v a t i o n  of some s p e c i f i c  o r g a n i c  t r a c e r s  as a c r i t e r i o n  

f o r  d e t e r m i n i n g  t h e  redox h i s t o r y  o f  a g i v e n  sample (see 

R e s u l t s  and D iscus ,s ion  S e c t i o n ) .  Us ing  t h i s  c r i t e r i o n ,  we 

l a b e l  l e d  each sample i n  Tab le  1 a c c o r d i n g  t o  i t s  a p p a r e n t  redox 

s t a t e ,  e i  the; " R "  ( r e d u c i n g )  or "0" ( o x i d i z i n g ) .  

More d e t a i  l e d  d e s c r i p t i o n s  o f  t h e  samples and t h e i r  i n t e r -  
. .  s t t t ! ? !  \ . ~ ! a t ~ r s  2 ~ ~ 3  n i \ / e ~  Y I n  t h e  f s l l ~ i i l ~ ~ ~  T ~ f ~ i - ~ f i ~ ~ S :  S ~ I \ L ~  

Barbara ,  Tanner and San Clemente Basins (Emery 1960), Saan ich  

I n l e t  (Brown _.- e t  a l .  1972), G u l f  o f  Mex ico  and Venia F r a c t u r e  

Zone (JOIDES, h o l e s  3 and 26; Kaplan e t  a l .  1972);  Bandaras 

Bay (Dreve r  1971). 

P e r y l c c c :  Q u a l i t a t i v e  - and Q u a n t i t a r i v e  -- D e t e r m i n a t i o n s  _- 

T h e  e x t r a c t i o n  and s i  l i c i c  a c i d  chromatography  p rocedures  

employed f o r  t h i s  study, were d e s c r i b e d  p r e v i o u s l y  (Brown e t  a l .  

1972, K:)pllan e t  a l .  1972). 

-- 
-- 

F r a c t i o n  I ,  s e p a r a t e d  on s i l i c i c  a c i d  column w i t h  hexane 

as e l u a n t  (see p a t h  A i n  f l o w  c h a r t ;  F i g .  2 ) ,  c o n t a i n s  most 

of t h e  p e r y l e n e .  I n  some cases,  a p o r t i o n  t r -a i  1s i n t o  t h e  

benzene f r a c t i o n  (11) ,  and b e f o r e  r e - c h r o m s t o g r a p h i n g  on s i  l i c a  
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g e i  b o t h  f r a c t i m s  s h m l d  be checked as t o  t h e i r  U V - V i s  s p e c t r a .  

I n  most samples when c a r o t e n o i d s  a r e  p r e s e n t ,  the  second 

chromatography  on s i l i c a  g e l  i s  necessa ry  (see F i g .  3 )  2 n d  w l  i i  

be c a r r i e d  on t h e  ccmbined f r a c t i o n s  I and 11. E l u t i o n  w i t h  

hexane w i  1 1  s e p a r a t e  t h e  c a r o t e n o i d <  w ;  t h  t h e  su ' t ; s r~ ; t?d  hyd~-cj- 

carbons and hexane:benzene ( 1 : l )  w i  1 1  e l u t e  the  pe t -y lene 

( w h i c h  d i s p l a y s  an i n t e n s i v e  f l u o r e s c e n c e )  w i t h  some o t h e r  

a r o m a t i c s .  For  b e s t  s e p a r a t i o n ,  and t o  a v o i d  a m i x t u r e  o f  

ccmpounds t h a t  abso rb  i n  the  same r e g i o n  of  t h e  U V - V i s  as 

p e r y l e n e ,  t h e  change f r o m  hexane e l u t i o n  t o  benzene s h o u l d  be 

g r a d u a l  (5 ,  10,25,40,50%). A l though  t h i s  method g i v e s  good 

q u a l i t a t i v e  r e s u l t s ,  i n  some cases i t  f a i l s  t o  g i v e  q u a n t i t a t i v e  

v a l u e s  because o t h e r  a r c m a t i c s  cove r  the  same r e g i o n  o f  U V - V i s  

a b s o r p t i o n  (sample J -3 -34  i s  a good example) .  I n  the  UV 

L ~ C I , , , I , y U ~  f o r  idcntificati=n 2nd n u t 7 - t ;  t T t : \ r n  A n t n v - : - - t :  t -o-hn ;nain y UUI I L a c u  c 8 v L Lib L L  I 1 1 1  I I I U  c I OR, 

one s h o u l d  n o t e  t h a t  o f  t he  f o u r  t y p i c a l  peaks i n  p e r y l e n e ' s  
Be n z e n e 

UV-spectrum, t h e  h i  g h e s t ~ H a x  440 inp was se lec ted ,  
4 

= 4.06X10 l/mo!e/cm (Schnurmann -- e t  a l .  1953).  

For  those samples where the UV method c o u l d  n o t  be e f f e c t i v e l y  

employed, we a p p l i e d  GLC and GLC-mass s p e c t r o m e t r y .  Th i s  t e c h n i q u e  

p r o v e d  t o  be s i m p l e  and p r e c i s e .  I n  t h i s  method, a f t e r  e x t r a c t i o n  

o f  t h e  sample,  o n l y  one l i q u i d  column c h l r o m a t o g r a p h i c  s e p a r a t i o n  

i s  r e q u i r e d .  The e x t r a c t  i s  evapora ted  t o  n e a r - d r y n e s s  and p l a c e d  

on F l o r i s i l  column (see p a t h  B flow c h a r t ,  F i g . 2 ) .  The f i r s t  

f r a c t i o n  e l u t e d  w i t h  hexane c o n t a i n s  a l i p h a t i c  hydrocarbons and 

t h e  second, e l u t e d  w i t h  benzene, c o n t a i n s  t h e  a r o m a t i c s .  The 

benzene f r a c t i o n  i s  r e s o l v e d  by gas-chromatography  on a 6 ' X 1 / 8 "  Ap-L 

( o r  O V - 1 7 )  column, tempera ture  programmed f rom 200° t o  3OO0C a t  a 

. p.. . 
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r a t e  of  12°/rnin. ( see  F i g .  4). For  f u r t h e r  I d e n t i f i c a t i o n ,  a 

s t a n d a r d  p e r y l e n e  sample i s  c o i n j c c t e d .  

Samples w i t h  the  h i g h e s t  p e r y l e n e  c o n c e n t r a t i o n s  were 

checked by z c o m b i n a t i o n  o f  GLC and mediuni r e s o l u t i o n  mass- 

s p e c t r o m e t r y  ( C E C  21-491).  Nhereas, t h e  G L C  d e t e c t i o n  1 i ~ 1 t  

i s  0 .01 Pg/lOO g r .  o f  d r y  sed iment ,  t h e  c m b i n e d  techn ique  

c o u l d  n o t  be a p p l i e d  f o r  samples c o n t a i n i n g  less than 2 5  pg/ lOO g r  

( i f  t h e  amount o f  sediment  e x t r a c t e d  i s  (100 g r . ) ,  because o f  

column background and mass-spectrum s e n s i t i v i t y  l i m i t s .  By 

compar ison  w i t h  s t a n d a r d  p e r y l e n e ,  t he  mass spec t rum shows t h a t  

t h e  e x t r a c t e d  p e r y l e n e  i s  a t  l e a s t  95% n o n - s u b s t i t u t e d  and t h e  

5% p r o b a b l y  a l k y l  d e r i v a t i v e s  (see F i g . 5 ) .  

A l l  p a c k i n g  m a t e r i a l s  f o r  l i q u i d  chrcmatography  were 

washed i n  the r e v e r s e d  s o l v e n t  p o l a r i t y  o r d e r  o f  use 

! m e t h a ~ r \ ! ,  henzeze, hexane) 2nd d r i e d  ;(t ! ~ O - ! ~ Q O C :  f e r  f c \ G r  

hou rs .  The p a c k i n g  m a t e r i a l s  used were :  ( 1 )  S i l i c i c  a c i d  

( f o r  l i p i d  chromatography)  B io-SIL-HA,  -324 mesh ( B i o .  Rad. 

L a b o r a t o r i e s ) ;  S i l i c a  g e l ,  30 /50  mesh ( A p p l i e d  Sc ience  L a b o r a t o r y  

I n c . ) ;  F l o r i s i  1 ,  F X - 2 8 5 - 1 ,  -100 mesh (Matheson Coleman & B e l l ) .  

RESULTS A N D  D I S C U S S I O N  

The r e s u l t s  o f  t he  p r e s e n t  i n v e s t i g a t i o n  a r e  summarized 

i n  T a b l e  1 ,  and conpared w i t h  those o f  O r r  and Grady ( 1 3 6 7 ) .  

I n  the  cou rse  o f  t h i s  s t u d y ,  a v a r i e t y  o f  l i t h i f i e d  and 

u n l  i t h i f  i e d  sediments were s. tud i e d ,  r e p r e s e n t i  ng d i f f e r e n t  

g e o g r a p h i c  d i s t r i b u t i o n ,  t e r r e s t r i a l ,  n e r i t i c ,  and b a t h y l  

env i ronments  and d e p t h  o f  b u r i a l .  The ages of these sed iments  

range f rom v e r y  r e c e n t  t o  hundreds o f  m i  l l i o n s  o f  yea rs .  
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I t  i s  a p p a r e n t  t h a t  age i s  n o t  an i m p o r t a n t  c r i t e r i o n  f o r  

t h e  presence o r  absence o f  p e r y l e n c .  From t h e  a n a l y s i s  o f  12 

deep sea sed iment  sanples ( J G I D E S )  pe l -y lene was o n l y  d e t e c t e d  

i n  samples frcm J-26 ( J O i D E S  Ho le  26)  and i n  one sample f r a n  the  

Gulf of Mex ico  (A-3-3’;). I C  was p r e s e n t  i n  n e a r - s h o r e  sed iments  

such  as t h e  Saan ich  I n l e t  f j o r d ,  B r i t i s h  Columbia and Bartdaras 

Bay, w h i c h  i s  f e d  by f l o o d  wa te rs  f rom the  R i o  Ameca. We were 

a l s o  a b l e  t o  c o n f i r m  che r e s u l t s  of Orr and Grady (1967)  t h a t  

p e r y  ene i s  absen t  i n  the  sediment  o f  Tanner Basin ( a p p r o x i m a t e l y  

150 Km o f f  t h e  southet-n C a l i f o r n i a  s h o r e ) .  R e l a t i v e l y  h i g h  

c o n c e n t r a t i o n  o f  p e r y l e n e  was e x t r a c t e d  from a r e c e n t  E n g l i s h  

(Glas t o n b u r y )  p e a t .  

O r r  and Grady (1967)  e x p l a i n e d  the  presence of p e r y l e n e  i n  

t h e  Santa Barbara sediments as a r e s u l t  o f  p r e s e r v a t i o n  o f  o r g a n i c  

cons t i  tuen t s  r a p i d  1 y depos i t e d  under anaerob i c cond i t i  ons f rom 

s h a l l o w  oxygen-poor  w a t e r .  They assumed t h a t  t h e  p r e c u r s o r s  f o r  

t he  hydrocarbon,  p o s s i b l y  hydroquinones (shown i n  F i g .  l), a r i s e  

f rom p igments  i n  m a r i n e  organisms.  Th is  would i n v o l v e  s t e p - w i s e  

h y d r o l y s i s  and r e d u c t i o n  o f  the C=O bond l e a d i n g  t o  d e h y d r a t i o n  

o f  t h e  pheno ls  (C-OH) t o  g i v e  the a r o m a t i c  s t r u c t u r e  as o r i -  

g i n a l  l y  proposed by  Blumer (1965) .  U n f o r t u n a t e l y ,  n o  p r e c u r s o r s  

o f  p e r y l e n e  o r  o t h e r  p o l y c y c l i c  a r m a t i c s  e x t r a c t e d  frm r e c e n t  

sed imen ts ,  ( 1 .  12-benzpcry lene and Coroncne; Me insche in  1959) 

have been recogn ized .  I t  i s  k n o m ,  however, t h a t  i n s e c t s  (Cameron 

-- e t  a l .  (Thompson 1957;  A l l p o r t  and Bu’lock 1960) 

do c o n t a i n  s e v e r a l  p igments wh ich  c o u l d  be p e r y l e n e  p r e c u r s o r s .  

Hodgson -- e t  a l .  (1968b)  c l a i m  t h a t  the  UV spec t rum o f  sane p i g -  

ments froni sw iss  cha rd ,  s p i n a c h  and l e t t u c e  c l o s e l y  resembles 

1964) and f u n g i  



6. 

t h a t  o f  p e r y l e n e  found i n  pe t ro leu in  and sed iments .  F u r t h e r -  

i i iore, Bergmann -- e t  a l .  (1964)  r e p o r t  the  i s o l a t i o n  o f  c r y s t a l  l i n e  

p e l - y i e ~ c  f r om p e a t ,  d e r i v e d  f rom land p l a n t s  and t h e i r  

a s s o c i a t e d  b i o t a .  

i t  appears t h a t  t h e  necessa ry  ccnd i  t i o n s  f o r  t h e  f o r m a t i o n  

and p i - e s e r v a t i o n  of p e r y l e n e  i n  m a r i n e  sediments a r e :  ( a )  s o u r c e  

o f  m a t e r i a l  ( b )  d e p o s i t i o 9  h i s t o r y  ( r a p i d  o r  s l o w :  mode o f  

t r a n s p o r t  i n  w a t e r  column o r  t u r b i d i t y  c u r r e n t s ,  e t c . )  

( c )  p r e s e r v a t i o n  h i s t o r y  ( redox  c o n d i t i o n s ,  t empera tu re ,  

c m p l e x i n g ,  e t c . ) .  O r r  and Grady (1967)  b e l i e v e  t h a t  t h e  l a s t  

two a r e  t h e  c o n t r o l l i n g  f a c t o r s  based on a m a r i n e  o r i g i n  

o f  t h e  b i o l o g i c a l  p r e c u r s o r s .  An a l L e r n a t i v e  e x p l a n a t i o n  can 

be  o f f e r e d ,  t h a t  the  p r e c u r s o r s  o f  p e r y l e n e  o r i g i n a t e  on land 

and at-e t r a n s p o r t e d  i n t o  the orpar). They w i  1 1  o n l y  q i i r v i \ ~ ~  i f  

t r a n s p o r t a t i o n  i s  s u f f i c i e n t l y  r a p i d  t o  p r e v e n t  d e g r a d a t i o n  o f  

b i  ochemi ca 1s. For examp l e ,  4 ,9 -d  i h y d r o x y p e r y l e n e - 3 , l O - q u  i none 

(11) (see F i g .  1 )  w h i c h  i s  c o n s i d e r e d  a p o s s i b l e  p r e c u r s o r  of 

p e r y l e n e ,  i s  much more v u l n e r a b l e  t o  o x i d a t i o n  than p e r y l e n e ,  

i t s e l  f ' .  Trans fo t -ma t ion  o f  these p r e c u r s o r s  (see F i g .  1 )  i n t o  

t h e  a r c m a t i c  p o l y c y c l i c  hydrocarbons w i  1 1  occu r  i f  d e p o s i t i o n  

tdkes p l a c e  i n  a r e d u c i n g  env i ronment .  I n t e r p r e t a t i o n s  based on 

the  env i ronmen t  o f  d e p o s i t i o r !  and p r e s e r v a t i o n  a r e  t h e  same as 

t h o 2 e  suggested  by O r r  and Grady, b u t  we b e l i e v e  t h a t  t he  sou rce  

of  the p r e c u r s o r s  may be l a r g e l y  or e n t i r e l y  t e r r i g e n o u s .  

Ev idence f o r  t he  presence o f  l a n d - d e r i v e d  o r g a n i c  components 

i s  scen i n  two p r o p e r t i e s  of t h e  o r g a n i c  m a t t e r .  F i r s t ,  i n  a l l  

sanil)lcs where p e r y l e n e  was d e t e c t e d ,  long-cha in  hydrocarbons  
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r a n g i n g  f r o m  C 

Fu r the rmore ,  t h e  carbon p r e f e r e n c e  index  ( C P I )  o f  these hydrocarbons 

to  C 3 \  w e r e  ahur?dant (see F i g .  4 and 6 ) .  
2 7  

was r 1 . 3 .  I n  t h e  case of  hydrocarbons fron? G ! a s t s n S u r y  p e a t ,  

t h e  C P I  i s  above 4, ( s e e  F i g .  6A) .  However, i n  t h e  case of t h e  

Tanner Bas in  ( T ,  and T2) and o t h e r  r e d u c i n g  ~ e d l r ~ c n t s  s u c h  as 

t h e  San Pedro M a r t i r  B a s i n  (GC-l5-25), hydrocarbons  i n  the  range 

t o  C 2 5  a r e  most  abundant ,  and t h e r e  i s  no a p p a r e n t  odd-over -  
I 

18 
13 12 even predominance ( s e e  F i g .  6 B ) .  Second, C / C  measurements 

of  t h e  o r g a n i c  ca rbon  canpounds i n  samples c o n t a i n i n g  p e r y l e n e  

i n d i c a t e s  some coniponent of h i g h e r  p l a n t  m a t e r i a l  i s  p r e s e n t .  

Ma l - i ne -de r i ved  o r g a n i c  m a t t e r  g e n e r a l l y  has 6 C I 3  v a l u e s  o f  -19  

t o  - 2 0  p 6 , ,  whereas l a n d - d e r i v e d  o r g a n i c  m a t t e r  u s u a l l y  y i e l d s  

6 C 1 3  v a l u e s  between - 2 5  and -28  

t w o  c r i t e r i a  h e l p  i d e n t i f y  r e l a t i v e  sources  o f  o r g a n i c  m a t t e r .  

The c o m b i n a t i o n  o f  the  above 

i t  i s  s i g n i f i c a n t  t o  n o t e  t h a t  sampies a n a i y s e d  by Me insche in  

(1959)  i n  w h i c h  p o l y c y c l i c  a r o m a t i c  hydrocarbons  were d e f e c t e d ,  

a l l  came f rom near  s h o r e  ( G u l f  of Mexico)  and, a p p a r e n t l y ,  s o  d i d  

those i n  w h i c h  Hodgson (196Sa) r e p o r t e d  p e r y l e n e - r i c h  ( " t y p e  I") 

I a r o m a t i c s .  

The argument o f  Orr and Grady (1967)  f o r  absence of  p e r y l e n e  

i n  Tanner Basin sed iment  because of  the  d e p t h  o f  t h e  w a t e r  column 

i s  reasonab le ;  however, i t  does n o t  e x p l a i n  t h e  presence of 

p e r y l e n e  i n  sample J-5-3!+ i t - c x i i  h o l e  3 (JOIDES) o r  i n  t h e  samples 

f r c m  H o l e  26. I n  bo th  tliese cases, i t  i s  a p p a r e n t  t h a t  e x t e n s i v e  

t u r b i d i t y  c u r r e n t s  have been r e F p o n s i b l e  f o r  d e p o s i t i o n .  I n  t h e  

case of H o l e  2 6  (Vema F r a c t u r e  Zone) t h e  s o u r c e  of t h e  sed iment  

was p r o b a b l y  the  Amazon t?ivet-,  1200 Km away. 
I 

I n  s u p p o r t  o f  t h c  above argument i s  t h e  f a c t  t h a t  o t h e r  h i g h l y  
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uns ' tab le m o l e c u l e s ,  such a s  c a r o t e n o i d s  and c h l o r o p h y l  l - d e r i v e d  

c h l o r i n s ,  were p r e s e n t  i n  Tanner Basin and t h e  G u l f  of C a l i f o r n i a  

sed iments .  If o x i d a t i o n ,  e i t h e r  i n  the  w a t e r  cotiii?i1-i d ~ i - i n y  

d e p o s i t i o n ,  o r  a t  t h e  skd imen t -wa te r  i n t e r r a c e  was e x t e n s i v e ,  

t h e s e  mo lecu les  h lou ld have been degradpd. F u ~ + ~ - =  c l I t~ - t i lu re ,  t h e  

s t u d y  o f  t h e  San Pedro M a r t i r  Bas in  sediments i n d i c a t e s  a v e r y  

c l o s e  resemblance t o  t h e  m a r i n e - t y p e  o r g a n i c  m a t t e r  i n  t h e  Tanner 

Bas in .  Sample G C  15-25 i? v e r y  r i c h  i n  p h e o p h y t i n e  and cat-o- 

t e n o i d s ,  b u t  n o  p e r y l e n e  was f o u n d  i n  t h i s  c o r e  d e s p i t e  t h e  

f a c t  t h a t  s u l f a t e  i s  reduced r a p i d l y  a t  t h e  s u r f a c e .  Once p e r y l e n e  

fo rms ,  i t  can be s t a b i l i z e d  b y g - c c m p l e x i n g  w i t h  t r a n s i t i o n  

m e t a l s  ( C l a r  1964). Hence, even when c a r o t e n e s  can n o  l o n g e r  be 

d e t e c t e d  i n  o l d e r  sed imen ts ,  due t o  d e g r a d a t i o n  (ot- c m p l e x i n g  

i n t o  humic a c i d s  o r  k e r o g e n - l i k e  compounds) p e r y l e n e  w i  1 1  p e r s i s t  

once i t i s  formed. 

A n a l y s i s  of two o r g a n i c - r i c h  Miocene s h a l e s  f r o m  Sou the rn  

C a l i f o r n i a  (Monterey  s h a l e  and N i c h o l a s  Fo rmat ion  s h a l e )  i n d i c a t e s  

t h e  absence of c a r o t e n o i d s  i n  b o t h .  Holwever, t he  Monterey  s h a l e  

c o n t a i n s  p e r y l e n e  (150 pg/ lOO g r )  and a r e l a t i v e l y  h i g h  con-  

c e n t r a t i o n  o f  c h l o r i n s  ( ~ 1 0 0  pg/ lOO g r )  VJhet-eas N i c h o l a s  s h a l e  

c o n t a i n s  n o  p e r y l e n e  o r  c h l o r i n s ,  b u t  s m a l l  amounts o f  a 

po rph  y r  i n ( 7 X  1 c 3 p g /  100 g r  . , probab 1 y Fe -porphy i -  i n 1 i nd i c a t  i n g  

o x i d a t i o n  o f  o r g a n i c  m a t t e r .  Both these s h a l c 5  c o t i t a i n  l ong -  

c h a i n  a l i p h a t i c  hydrocarbons w i t h  C P I  valucr; h i g i i e r  t han  2 .0 .  

I t  t h e r e f o r e  appears t h a t  r a p i d  i n t r o d u c t i o n  of  sed imen t ,  

p r o b a b l y  by  t u r b i d i  t y  c u r r e n t s  w i  1 1  t r a n s f o r m  r e l a t i v e l y  h i g h  

c o n t e n t s  o f  d e t r i t a l  m a t e r i a l  i n t o  n e r i t i c  CIS w e l l  as b a t h y a l  

t r a p s .  T h i s  r a p i d  d e p o s i t i o n  w i l l  a l l o w  r-r iducing c o n d i t i o n s  t o  

be e s t a b l i s h e d  and c o n v e r t  p igment  p r e c u r s o t - s ,  p o s s i b l y  by 
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h y d r o l y s i s  and r e d u c t i o n  t o  r e l a t i v e l y  s t a b l e  pe l  y i e n e .  Where 

o x i d i z i n g  c o n d i t i o n s  e x i s t  a t  t h e  s u r f a c e  of the  sed imen t ,  or 

where t h e  sou rce  o f  o r g a n i c  m a t t e r  i s  e n t i r e l y  ( o r  p i - e d ~ m i n s n t l y j  

mar ine ,  p e r y l e n e  w i  1 1  n o t  form i n  t h e  sed iment  column d u r i n g  

d i  agenes i s  . 
As s t a t e d  e a r l i e r ,  p e r y l e n e  i s  p r e s e n t  i n  s m a l l  amounts i n  

some p e t r o l e u m  d e p o s i t s .  Acc rod ing  t o  t h e  p r i n c i p l e s  expounded 

by Yen -- e t  a l .  (1961) ,  t he .mo lecu la r  c o n f i g u r a t i o n  of p e r y l e n e  i s  

n o t  c o m p a t i b l e  w i t h  t h e  p o l y n u c l e a r  ne twork  ccmposed o f  naph tha lene  

r i n g s  and o t h e r  p e r i - p o l y c y c l i c  a r o m a t i c s ,  t h e r e f o r e  i t  c o u l d  n o t  

be s y n t h e s i z e d  under  t h e  same cond i  t i o i i s .  Thus, p e r y l e n e  never  

becomes an i m p o r t a n t  c o n s t i  t u e n t  i n  a r o m a t i c  dominated  

p e t r o l e u m .  I t s  p resence i n  p e t r o l e u m  a r i s e s  fro-n e x t r a c t i o n  o u t  

o f  t h e  sou rce  s h a l e  or sediment  t h r o u g h  w h i c h  o i  1 m i g r a t e s .  
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7k The e x i s t e n c e  o f  these ccmpounds i n  f r a c t i o n  I 1  
depends on the  e f f i c i e n c y  o f  t h e  co lumn and t h e i r  

r e l a t i v e  c o n c e n t r a t i o n  i n  t h e  l i p i d  e x t r a c t .  

+ T h i s  chromatography can a l s o  be c a r r i e d  on 
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(200' t o  3 O O 0 C  12O/min.); t h e  broken l i n e  i n d i c a t e s  

t h e  c o i n j e c t i o n  of s t a n d a r d  p e r y l e n e .  

B. T o t a l  H.C. ( A )  re -chromatographed on F l o r i s i  1 
( a r o m a t i c  f r a c t i o n ) .  GLC as d e s c r i b e d  f o r  A .  

F I G U R E  5 :  Mass s p e c t r a .  
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B. S tandard  p e r y l e n e  

(Var ia r :  1200 G L C  c m b i n e d  w i t h  mass-spec t rometer  
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same c o n d i t i o n s .  

FIGURE 6: T o t a l  hydrocarbon d i s t r i b u t i o n  (P-EG and T 1 ) :  

A .  T o t a l  hydrocarbon f r a c t i o n  f rom G l a s t o n b u r y  

p e a t  (P -EG)  chromatographed on Ap-L 8 ' ,  1/8"  
(5% on ch ranosorb  W )  100' t o  300°C 4°C/rnin. 

B. T o t a l  hydrocarbon f r a c t i o n  f r o m  Tanner 

B a s i n  ( T 1 ) ,  Glc under  same c o n d i t r o n s  as A .  
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U I U G - ~ I  G G I I  a ~ y a L  

(Lyngbya) and blue-green algal chlorophyll have been studied 

at temperatures ranging from 25 to 300°C Tor- pei- iods ra r ig ing  

from 3 hour to 2000 hours under both oxygenic and anoxic 
conditions. An irreversible series of time- and temperature- 

dependent color changes occurred in both the intracellular 

pigments and the extracellular sheaths of the heated algae. 

These sequential color changes are comparable to those 

resulting from thermal alteration o f  plant microfossils, 

especial l y  palynomorphs, which have been used for mapping 

eometamorphic facies. Extrapolations based on the measured 

time-temperature relationships of these color changes are 

consistent with pigment changes observed in Holocene and 

Tertiary organic matter, suggesting that these experimental 

results may have geochemical appl icabi 1 i ty. Observed 

degradation pathways o f  intracellular chlorophyll differ 

from those reported for extracellular chlorophyll and its 

derivatives (ORR aJ., 1958); intracellular pigments 

apparently become grafted onto cellular polymers, a process 

that presumably occurs also during natural diagenesis. 

These results suggest that formation of pigment-polymer 

complexes may be an important diagenetic process affecting 

the types and distribution of pigments in sediments and 

sedimentary rocks. 
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INTRODUCTION 

I t  has l ong  been recogn ized  by p a l e o b o t a n i s t s  and c o a l  

p e t r o g r a p h e r s  t h a t  b o t h  t h e  f i d e l i t y  o f  c e l l u l a r  p r e s e r v a t i o n  

and t h e  c o l o r  o f  carbonaceous p l a n t  f o s s i l s  and p a r t i c u l a t e  

o r g a n i c  m a t t e r  ( k e r o g e n )  p rese rved  i n  a n c i e n t  sediments 

v a r y  as a f u n c t i o n  o f  metamorphic h i s t o r y  and degree o f  

c o a l i f i c a t i o n .  I n  r e c e n t  years,  p a l y n o l o g i s t s  and p e t r o l e u m  

g e o l o g i s t s  have become i n c r e a s i n g l y  i n t e r e s t e d  i n  t h e  con t inuum 

of c o l o r  changes ( g e n e r a l l y  f rom y e l l o w ,  t h r o u g h  v a r i o u s  

shades o f  r e d  and brown, t o  b l a c k )  accompanying t h e  metamorphic 

a l t e r a t i o n  o f  kerogenous o r g a n i c  m a t t e r ,  e s p e c i a l l y  t h a t  

c o m p r i s i n g  o r g a n i c a l l y  p rese rved  p l a n t  m i c r o f o s s i  1s .  O f  

the v a r i o t i s  f a r t n r s  a p p a r e n t l y  c o p t r l b u t i n g  t o  s n r h  a l t e r a t i o n ,  

t empera tu re  has been w i d e l y  r e g a r d e d  as dominant .  Thus, 

tempera tures  e x t r a p o l a t e d  from known geothermal  g r a d i e n t s  

o r  measured i n  b o r e h o l e s  o r  i n  s h o r t - t e r m  l a b o r a t o r y  h e a t i n g  

exper imen ts  have been c o r r e l a t e d  w i t h  pa lynomorph c o l o r  t o  

y i e l d  " t h e r m a l  a l t e r a t i o n  i n d i c e s " ;  these c o l o r  s c a l e s  have 

been used f o r  mapping eometamorphic f a c i e s  and f o r  p r e d i c t i n g  

t h e  p o t e n t i a l  o i  1 and gas p r o d u c t i v i t y  o f  f o s s i  1 i f e r o u s  

s t r a t a  (GUTJAHR, 1966; STAPLIN,  1969; BURGESS, 1970; C O R R E I A ,  

1971 ; WILSON, 1971 ) .  

A l t h o u g h  tempera tu re  i s  no doubt  i m p o r t a n t  i n  p r o d u c i n g  

palynomorph c o l o r  changes, o r g a n i c  geochemical  s t u d i e s  have 

suggested  t h a t  t i m e  s h o u l d  a l s o  be c o n s i d e r e d  a major  f a c t o r  



del' ning the therinai stsbi iity o f  oryariic niatei-jals (e.g. ,  

ABELSON, 1959, 1367; EGLINTON, 1969); given sufficient time, 

geochemicai degradarion o f  organic colllpourlds can appzlrei i t l i ;  

occur at quite low temperatures. However, the possible 

role of time or of time-temperature relationships in the 

a1 teration of kerogenous microfossi i s  has been largely 

neglected. Moreover, those studies that have considered 

time-temperature as an integrated component have been 

concerned chiefly with the stabi 1 i ty o f  simple organic 

compounds in the form of pure solids or in dilute, aqueous 

solution (e.g., ABELSON, 1959). Thus, virtually no 

experimental data are available to suggest the geochemical 

fate o f  organic compounds that enter the geologic record 

as components of intact microorganisms (and are thus subjected 

to an organic-rich, highly reactive, intracel lular environment) 

or t o  indicate the relative importance of time and temperature 

in the organic preservation o f  such incipient microfossi 1s. 

Our interest in these problems stems from a continuing 

study o f  the mode and effect of preservation of microorganisms 

by silica permineralization under control led, laboratory 

conditions (OEHLER and SCHOPF, 1971). These investigations 

have shown that microscopic blue-green algae can be 

"articifically fossilized" as structurally intact organic 

residues by a series o f  stages that seem analogous to those 

producing bedded, fossiliferous cherts in nature; varying 
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&gi-ees o f  C ' A n  i iucllty of  p r ~ s c r v ~ t i o ~ ,  C C ~ ~ ~ S ~ G R ~ ~ R C J  Ifi C G ! G ~  

and morphology t o  v a r y i n g  s tages o f  " c a r b o n i z a t i o n "  observed 
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11.1 Ild L U I  d I I y ULLUl I i fig a 19s 1 zi crz l fz lss  I IS, have bee:: p r e d u c e d .  

To p r o v i d e  d a t a  w i t h  wh ich  t o  i n t e r p r e t  t h e  chemica l  changes 

t h a t  occur  d u r i n g  " a r t i f i c i a l  f o s s i  1 i z a t i o n , "  and t o  s e r v e  

u l t i m a t e l y  as a p a r t i a l  b a s i s  f o r  compar ison o f  t h e  c h e m i s t r y  

o f  1 i v i  ng and f o s s  i 1 cyanophytes,  we have i n v e s t  i ga ted  

e x p e r i m e n t a l l y  t h e  thermal  a l t e r a t i o n  o f  i n t a c t  b l u e - g r e e n  

a l g a e  a t  tempera tures  r a n g i n g  f rom 25 to  300°C and f o r  p e r i o d s  

r a n g i n g  f rom y hour t o  2000 hours under b o t h  oxygen ic  and 

a n o x i c  c o n d i t i o n s .  R e l a t e d  s t u d i e s  have been made o f  v a r i o u s  

components o f  these mic roorgan isms (e .g . ,  empty sheaths,  

a p o c h l o r o t i c  f i  laments,  and e x t r a c t e d  c h l o r o p h y l l  a ) .  These 

i n v e s t i g a t i o n s  p r o v i d e  new data  r e g a r d i n g  t h e  k i n e t i c s  o f  

processes r e s u l t i n g  i n  c o l o r  changes d u r i n g  thermal  a l t e r a t i o n  

o f  b l u e - g r e e n  a lgae ,  t h e  c h e m i s t r y  o f  some processes i n v o l v e d  

i n  such changes, and t h e  pathways o f  d e g r a d a t i o n  o f  

i n t r a c e l l u l a r ,  as compared w i t h  e x t r a c e l l u l a r ,  c h l o r o p h y l l .  

1 

EXPERIMENTAL PROCEDURE 

The r e  l a  t i v e l  y broad,  shea t h-enc losed,  b l  ue-green a 1 ga 

Lynqbya (Osci  1 l a t o r i a c e a e )  was s e l e c t e d  for  these  exper imen ts  

because (i) i t s  l a r g e  s i z e  and f i  lamentous h a b i t  f a c i  1 i t a t e  

h a n d l i n g ;  (fi) i t  i s  t h e  s u b j e c t  o f  c o n t i n u i n g  r e s e a r c h  on 

a r t i f i c i a l  f o s s i l i z a t i o n  (OEHLER and SCHOPF, 1971); a n d ' ( U )  
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S h o r t - t e r m  h e a t i n q  exper imen ts  

1 )  Twenty 0.1 gm samples o f  Lynqbya f i l a m e n t s  were heated  

for t h i r t y  m i n u t e s  each a t  temperatures o f  2 5 ,  50, 10 

2 0 0 ,  210, 2 2 0 ,  2 3 0 ,  240,  and 25OoC under a rgon  ( "anox 

c o n d i t i o n s " )  and under a i r  ( "oxygen ic  c o n d i t i o n s " )  i n  

L e i t z  #1350 mic roscope h e a t i n g - s t a g e  ( a c c u r a t e  t o  f 0 

1, 150 

C 

a 

5 ° C )  

6 

2 )  Ten 0.1 gm samples o f  a p o c h l o r o t i c  Lynqbya f i l a m e n t s  

c l e a r e d  b o t h  o f  c h l o r o p h y l l  ( b y  e x t r a c t i o n  w i t h  ace tone /wa te r  

80:20 volume) and o f  p h y c o b i l i p r o t e i n s  ( b y  e x t r a c t i o n  w i t h  pH 

7 aqueous phosphate b u f f e r ) ,  were heated  fo r  t h i r t y  m inu tes  

each a t  tempera tures  i d e n t i c a l  t o  those i n  Exper iment  1, under 

a r g o n  i n  t h e  same h e a t i n g - s t a g e .  Empty sheaths  and f i l a m e n t s  

c l e a r e d  o f  c h l o r o p h y l l  b u t  c o n t a i n i n g  p h y c o b i l i p r o t e i n s  were 

hea ted  under s i m i  l a r  cond i  t i o n s .  

3 )  Twenty 0 . 5  m l  samples of c o n c e n t r a t e d  c h l o r o p h y l l  2, 

e x t r a c t e d  f r o m  Lynqbya f i l a m e n t s  w i t h  ace tone/water  (80:20 

by volume),  were heated  for t h i r t y  m i n u t e s  each a t  t empera tu res  

i d e n t i c a l  t o  those  i n  Exper iment  1 ,  under a rgon  and under a i r  

i n  t h e  same h e a t i n g - s t a g e .  . 



Lonq- te rm h e a t i n q  expcr iments  

4 )  Seventy - two 2 gm samples of Lynqbyq f i l a m e n t s  were s e a l e d  

i n  g l a s s  capsu les ,  h a l f  o f  the samples under n i t r o g e n  ( " a n o x i c  

c o n d i t i o n s " )  and h a l f  under a i r  ( "oxygen ic  c o n d i t i o n s " )  and 

hea ted  i n  a sand b a t h  f o r  1, 2.5, 5, 10, 2 5 ,  50, 100, 175, 

250, 5 0 0 ,  1000, and 2000 hours a t  tempera tures  o f  100, 125, 

and 150°C ( a c c u r a t e  t o  f 5°C). 

- 5 )  Two 0.7 gm samples o f  Lynqbya f i l a m e n t s  were heated  i n  

an  oven under f l o w i n g  n i t r o g e n  f o r  45 and 300 hours  each a t  

a tempera tu re  o f  150°C ( a c c u r a t e  t o  f 5°C).  

6)  One 0.7 gm sample o f  Lynqbya f i l a m e n t s  was heated  i n  an 

150°C f o r  130 hours under f l o w i n g  a i r .  

7)  Twelve samples o f  Holocene sediments f r o m  t h e  Tanner 

B a s i n  ( a b o u t  220 km west  o f  La J o l l a ,  C a l i f o r n i a ) ,  w e i g h i n g  

a p p r o x i m a t e l y  50 gm each, were s e a l e d  w i t h  t h e i r  i n t e r s t i t i a l  

wa te r  i n  g l a s s  capsu les  and heated  i n  a n  oven a t  tempera tures  

o f  25, 65, 100, and 150°C f o r  170, 770, and 1775 hours .  The 

samples were p repared  by  homogenizing t h e  t o p  meter  o f  

sediment  f rom a s i n g l e  c o r e  ( see  AIZENSHTAT, i n  p ress ,  f o r  

d e t a i l e d  d i s c u s s i o n ) .  

Pigment i d e n t i  F i c a t i o n s  were made b y  v i s i b l e  s p e c t r a l  
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anaiyses of benzene, benzene/iiiethaiieI ( 7 O : 3 O  by  VG~XIE) ,  

and 10% KOH/methanol extracts, using a Cary 15 UV-visible 

Spectrophotometer. iviass spec i r -a i  aria1 yses s f  e t h e r - s o l u b l e  

pigments for Experiment 6 were conducted on an AEI MS-9 

Mass Spectrometer. Elemental analyses of carbon and hydrogen 

in thermally altered Lynqbya filaments were carried out by 

H. King of the UCLA Department of Chemistry, Microanalytical 

Laboratory. Infrared spectra of KBr-embedded, thermally 

treated algae were measured on a Perkin-Elmer 137B Infracord 

Spectrophotometer. Determination o f  algal morphology, of 

filament and sheath color, and of chlorophyl 1 color resulting 

from thermal treatment were made by microscopic inspection 

and by comparison of color photomicrographs taken at both 

low- (1OX objective) and high-magnification (lOOX, oi 1 -  

immersion objective) immediately following each experiment. 

RESULTS AND DISCUSSION 

Thermal alteration of alcjae under oxyqenic conditions 

Under oxygenic conditions (i.e., in the presence of air), 

aigae heated for both short and long periods ~f time at 

temperatures ranging from 25 to 300°C (Experiments 1 and 4 

plus one thirty-minute heating experiment at 300°C) exhibited 

the following sequential color changes: 

green/yellow-orange/red-orange/red-opaque. These hues 

represent the color of the entire filament (including both 

blue-green/yellow- 



the  Internal cel!u!ar t r l c h G m e  and the external encompassing 

sheath); transitions in color may therefore reflect thermal 

u 3 1 t ~ r ~ t i ~ n  6 C U I  u c I " I ,  c f  bo th  i n t r z c e ] ] u ] ~ r  (p igmc f i t s ,  ci;top]asm) 2nd 

extracytoplasmic components (cel 1 wal 1s and sheaths). As 

is shown in Fig. 1 ,  the sequential color transformations are 

both time- and temperature dependent; the same transformations 

observed at relatively low temperatures and long periods of 

time occur in shorter periods of time at higher temperatures. 

Correlative with these irreversible changes in overal 1 

filament color were changes in the morphology, color and 

chemistry of the encompassing sheaths. The sheaths of fresh 

L y n q b y a  are broad, hyaline and, in plane-polarized light, 

are highly birefringent, a feature reflecting the ordered, 

mice1 lar arrangement of their component polysaccharides and 

pectic substances (LANG, 1968). This birefringence and the 

hyaline sheath color were virtually unaffected during the 

blue-green/yellow-green/yellow-orange transitions. With 

further heating, however, and attainment of the red-orange 

condition, sheaths had become amber to orange in color and 

birefringence had somewhat decreased. With attainment of 

the red-opaque condition, sheaths had become ruby red, thin, 

closely adpressed against trichomes, and nonbirefringent. 

This loss o f  birefringence presumably reflects a loss of 

micellar order resulting from thermal condensation reactions 

which apparently involve introduction of chromophoric * 
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carbon-carbon double bonds. These observations and the 

occurrence of a simi lar alteration sequence for the algal 

c e !  1 wal  Is st_rgiger;t t h a t  iindler s e v e r e  conditions ( i  .e.? 

above the red-orange/red-opaque transition), total fi lament 

color may be influenced by colored products resulting from 

thermal condensation and aromatization (Fig. 2) of sheath 

and cell wall material. Under less severe conditions, however, 

sheaths and cell wal l s  are essentially hyaline; thus, filament 

color under these conditions must be determined primarily by 

colored intracellular components. As is shown in Fig. 1 ,  

color changes observed during heating of neat chlorophyll, 

under oxygenic conditions a t  temperatures ranging from 25 

to 2 5 O o C  (Experiment 3 ) :  are in good agreement with those 

observed in similarly treated whole algae. Thus, it seems 

likely that algal color changes occurring prior to the 

ye1 low-orange/red-orange transition and, possibly, prior to 

the red-orange/red-opaque transition, chiefly result from 

thermal a1 teration of intracel lular chlorophyll and i t s  

der i vat i ves . 
The slope of the blue-green/yellow-green transition 

isochrome in the Arrhenius plot shown in Fig. 1 corresponds 

to an actiGation energy o f  approximately 13,700 cal/mole; 

the slopes o f  the non-green transition isochromes correspond 

to activation energies in the range o f  33,500-38,OOO cal/mole. 

Interestingly, these latter values are comparable to 
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activation e n e r g i e s  o f  approximate ly  30,000 cal/mole required 

for introduction of  carbon-carbon double bonds to a variety 
o f  organic compounds ( F I E S E ! ?  and F I E S E R ;  1963; COULSON and 

STEWART, 1964). Although it is evident from the infrared 

spectra shown in Fig. 2 that aromatization does, in fact, 

occur during the thermal alteration sequence, it must be 

emphasized that the observed color changes almost certainly 

result from a complex of chemical reactions; the apparent 

activation energies indicated in Fig. 1 presumably reflect 

a net effect rather than energies required for any individual 

reaction. 

Thermal alteration of alqae under anoxic conditions 

Under anoxic conditions (i.e., under argon or nitrogen), 

algae heated for both short and long periods of time at 

temperatures ranging from 25 to 2 5 0 O C  (Experiments 1 and 4.)  

exhibited the following sequential changes: blue-green/ 

yellow-green/yellow-orange. The time-temperature relationships 

of these color changes are shown in the form o f  an Arrhenius 

plot in Fig. 3 .  During these experiments, the algal sheaths 

gradually became altered from hayline to slightly yellow 

but exhibited no morphologic change and retained strong 

birefringence. Similarly, little change was observed in 

empty sheaths or in cell walls of cleared, apochlorotic 

trichomes during short-term heating experiments (Experiment 
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- f  7 )  ,t Seefl?s pr&s l e ,  t he re fe re ,  t h G ; t  the r c ? a t ; . ; q j  m l i i o r  

f i  !ameat- pr in :ar i  l y  reflect t !y- rmal  a ~ t ~ r a t i o ~  of  i f i t i - scc j  1u;ai- 

co lo r  changes o c c u r r i n g  d u r i n g  a n o x i c  h e a t i n g  of e n t i r e  

p igmen ts .  As i s  shown i n  F i g .  3,  t h e  c o l o r  o f  n e a t  c h l o r o p h y l l  

remains  e s s e n t i a l l y  unchanged up t o  2 5 O O C  d u r i n g  s h o r t - t e r m  

a n o x i c  h e a t i n g  exper imen ts  (Exper iment  3 ) ,  a r e s u l t  i n  good 

agreement w i t h  t h e  c o l o r  sequence observed i n  s i m i l a r l y  

t r e a t e d  e n t i r e  f i l a m e n t s .  

The s l o p e  of t h e  b l u e - g r e e n / y e l  low-green t r a n s i t  i o n  

isochrome i n  F i g .  3 cor responds t o  an a c t i v a t i o n  energy  o f  

a p p r o x i m a t e l y  3,850 c a l / m o l e ;  t h a t  o f  t h e  ye1 l o w - g r e e n / y e l  low- 

o range t r a n s i t i o n  isochrome co r responds  t o  an a c t i v a t i o n  energy  

of a p p r o x i m a t e l y  30,000 ca l / rno le .  D i f f e r e n c e s  between these  

n e t  a c t i v a t i o n  e n e r g i e s  and those  o b t a i n e d  under o x y g e n i c  

c o n d i t i o n s  ( F i g .  l ) ,  e s p e c i a l l y  o f  t h e  r e s p e c t i v e  b l u e - g r e e n /  

y e l l o w - g r e e n  t r a n s i t i o n  isochromes, suggest  t h a t  redox  p o t e n t i a l  

may be i m p o r t a n t  i n  de te rm ing  which of s e v e r a l  p o s s i b l e  mechanisms 

a r e  i n v o l v e d  i n  a t  l e a s t  t h e  i n i t i a l  s tages  o f  t he rma l  a l t e r a t i o n  

of i n t r a c e l l u l a r  c h l o r o p h y l l .  The m a j o r  d i f f e r e n c e s  between 

t h e s e  r e s u l t s  and those  o f  the comparable s u i t e  o f  exper imen ts  

conduc ted  under o x y g e n i c  c o n d i t i o n s ,  however, a r e  e v i d e n t  

a t  r e l a t i v e l y  h i g h  tempera tu res ;  a n o x i c  c o n d i t i o n s  a p p a r e n t l y  

r e t a r d  those  chemica l  r e a c t i o n s  t h a t  r e s u l t  i n  seve re  

a l t e r a t i o n  of sheaths,  c e l  1 wal I s ,  and i n t r a c e l l u l a r  c h l o r o p h y l l  

i n  t h e  presence of oxygen. 
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Thus, a l t e r a t i o n s  o f  two d i s t i n c t  types o f  o r g a n i c  

m a t e r i a i  appear t o  be r e s p o n s i b l e  fo r  the  s e q u e n t i a l  c o l o r  

changes observed i n  e n t i r e  Lynqbya f i l a m e n t s  s u b j e c t e d  t o  

thermal  t r e a t m e n t .  Under r e l a t i v e l y  m i l d  o r  moderate 

c o n d i t i o n s ,  c o l o r  changes a p p a r e n t l y  r e s u l t  p r i m a r i l y  f ro in 

a l t e r a t i o n  o f  i n t r a c e l l u l a r  components, c h i e f l y  c h l o r o p h y l l  

and i t s  d e r i v a t i v e s ;  under more severe  c o n d i t i o n s ,  however, 

c o l o r  changes r e s u l t i n g  f ro in  p igment  a l t e r a t i o n  appear t o  

be augmented by changes r e s u l t i n g  f rom a l t e r a t i o n  o f  shea th  

and c e l l  w a l l  c h e m i s t r y .  

Inasmuch as palynomorphs, i n  genera l ,  l a c k  t h e  

piiuiosyi-itI-iei;c aiid 5ccessai-y PI gmei-lts pi-eseiit i i7 L y n c j b y ~ ,  

t h e  c o l o r  changes here observed i n  i n t a c t  f i l a m e n t s  canno t  

be c o n s i d e r e d  s t r i c t l y  comparable w i t h  those o c c u r r i n g  d u r i n g  

thermal  a l t e r a t i o n  o f  p o l l e n  and spo res .  A s  i s  shown i n  

Tab le  1 ,  however, palynomorph c o l o r  changes [as r e f l e c t e d  

i n  t h e  " S t a t e  o f  P r e s e r v a t i o n  I n d e x "  o f  C O R R E I A  (1971)  and 

t h e  "Thermal A l t e r a t i o n  Index"  o f  STAPLIN ( 1 9 6 9 ) l  do appear 

t o  be r o u g h l y  s i m i l a r  t o  changes observed i n  Lynqbya sheaths  

and c e l l  w a l l s .  F u r t h e r ,  processes p r o d u c i n g  these  changes 

i n  e x t r a c y t o p l a s m i c  m a t e r i a l  ( t h e r m a l  c o n d e n s a t i o n  r e a c t i o n s  

and a r o m a t i z a t i o n  r e s u l t i n g  i n  an i n c r e a s e  i n  pe rcen tage  o f  

f i x e d  c a r b o n  and i n  C/H r a t i o )  a r e  a p p a r e n t l y  r a t h e r  comparable 

t o  those  i n v o l v e d  i n  t h e  a l t e r a t i o n  o f  palynomorphs ( s e e  
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CORREIA, 1971). Chlorophyllous plant cells and tissues may 

be expected to more nearly parallel the alteration sequence 

observed for intact Lvnabva f i laments. For example, i t 

could be suggested based on Figs. 1 and 3 that fossilized 

algal or higher plant cel 1s that had experienced mild thermal 

regimes might remain within the yellow-green stability field 

for as long as lo7 or perhaps lo8 years. Apparently the 

oldest known plant fossils retaining such color are leaves 

preserved in middle Eocene brown coals, approximately 4.5 x 
lo7 years in age (DILCHER et al., 1970); the occurrence of 
yellow-green chlorophyll derivatives in these fossils, preserved 

in sediments having "a history o f  low temperatures" (DILCHER 

- et d., 1970, p. 144.7), seems consistent with the time- 

temperature relationships here observed. 

Results of heating experiments with Holocene sediments 

from the Tanner Basin are discussed in detail elsewhere 

(KAPLAN s a l . ,  work in progress). Of interest here, however, 

are color changes observed in the extractable tetrapyrrole 

fraction of Tanner Basin samples heated with their interstitial 

water in sealed glass capsules (Experiment 7). The sediment 

has an estimated age of approximately 10,000 years (EMERY, 

1960). The extractable tetrapyrrole fraction of the unheated 

sediments is yellow-green in color and contains chlorins, 

characteristics consistent with the data summarized in Figs. 

1 and 3 .  During heating, however, this fraction was objerved 
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changes occurring in this experiment are summarized in Fig. 
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Although the sediment and algal colors are not precisely 

correlative, the disappearance o f  green color from the 

sediment extracts seems to agree well with the disappearance 

of green color from the algae heated under both oxygenic and 

anoxic condi tioris. These resul ts suggest that color changes 

similar to those observed in the algal and chlorophyll heating 

experiments can occur in thermally treated natural sediments 

as we1 1 .  

Thermal alteration of blue-qreen alqal chlorophyll 

A s  is discussed above, the sequential color changes 

observed in entire Lynqbya filaments subjected to relatively 

mild or moderate thermal conditions appear to result primarily 

from alteration of intracellular pigments. A series of 

experiments was therefore conducted to characterize this 

alteration sequence and to determine whether the degradation 

pathways for intracellular chlorophyll differ significantly 

from those described for free, extracellular chlorophyll and 

its derivatives (ORR gt- aJ., 1958). 

Neat blue-green algal chlorophyll, heated for thirty- 

minute periods under anoxic conditions (Experiment 3 )  remained 

green up to 2 5 0 O C ;  visible spectra of the unsublimed, 
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be~-~zenz-so: i jble  p i g m e ~ t  2i-c I i- idicatl tvje ~f ~ h l ~ ! - ~ p h y !  1 3 

(Fig. '5). During similar experiments under oxygenic conditions, 
neat chi"iop;-,yi 1 ck,angeu" zz,;oi- c--- I I W l l l  yL I---- GCII  C h  L W  . . n l  y L - I  l h l . l - m v - ? n r l n  I W V Y  V I  U I I Y b ,  

to red-orange; as shown in the visible spectra in Fig. 5, 

the trend toward total absorption during this sequence suggests 

that with attainment of the yellow-orange condition at about 

2 O O 0 C ,  the pigment began to self-polymerize (Fig. 5). 

The pathways of thermal degradation of intracellular 

chlorophyll differ significantly from those of similarly 

treated neat chlorophyll. In Fig. 6 are shown visible spectra 

o f  pigments extracted from algae heated for thirty-minute 

periods under anoxic conditions (Experiment 1). Phycobiliproteins 

were not detected in any of these spectra, presumably due to 

masking by the more intense chlorophyll bands at low temperatures 

and because of their thermal labi lity at high temperatures; 

during heating of algal filaments cleared of chlorophyll but 

still containing phycobiliproteins (Experiment Z ) ,  the lavender 

color indicating the presence of phycocyanin and phycoerythrin 

disappeared immediately upon exposure to temperatures above 

100°C. With regard to the intracel lular degradation of 

' chlorophyll, the spectra shown i n  Fig. 6 indicate that 

chlorophyll 2 remained unchanged up to l5OoC; that at about 

200°C a portion o f  the chlorophyll had apparently been altered 

to pheophytin 2; and that above ZOOOC only pheophytin 3 could 

be detected. A1 though red-brown pigment was extracted' from 



a l g a e  heated at 2 5 0 O C :  the v i s i h l e  spectrum o f  this extract 

showed broad, essentially featureless, absorption (Fig. 6); 
n e l t h e r  ch !o rophy l I  nnr phenphy t ln  cn l l !d  he i d e n t i f i e d .  

Spectral results similar to those shown in Fig. 6 for 
short-term algal heating experiments were also obtained 

during long-term heating experiments (Experiments 5 and 6). 

Visible absorption spectra of pigments extracted from algae 

heated for 45 and 300 hours at 150°C under nitrogen (Experiment 

5 )  are indicative of pheophytin a (Fig. 7, Parts 1 and 2). 

Spectra of pigments from algae heated at 150°C for 120 hours 

under nitrogen and subsequently for 130 hours under air 

(Experiment 6) show only total absorption (Fig. 7, Part 3 ) .  

Thus, during both short-term anoxic heating at high temperatures 

(30 minutes, 250OC) and long-term anoxic-oxygenic heating 

at moderate temperatures (250 hours, 15OoC), intracel lular 

chlorophyll was degraded to pheophytin and ultimately to a 

colored material that could not be characterized adequately 

by visible absorption spectroscopy. This evidence, together 

with the well-established chemical affinity between porphyrins 

and biological macromolecules (FALK, 1964, p .  24-25) and the 

known physical association of chlorophyll and polymeric 

membrane systems (thylakoids) in blue-green algal cells 

(LANG, 1968), suggests that the unidentified pigments produced 

i n  these experiments might actually constitute, in part, 

pigment-polymer complexes, presumably formed by thermochemical 

grafting of chlorophyll derivatives onto cellular membranes. 
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In Experiment 6, the amount of ether-soluble pigment  

recovered from base extracts of the algae (see Fig. 7, Part 
3 A )  was sufficient for analysis by mass spectroscopy tc! 

determine whether polymeric material might be present. A s  

is evident in Fig. 8, the resulting mass spectrum shows a 

polymeric fragmentation pattern with ions in excess of 700 

rn/e. Thus, it seems apparent that pigment-polymer complexes 

are indeed produced during thermal degradation of intracellular 

chlorophyl 1 .  Attempts to dissociate such pigment-polymer 

complexes by acid hydrolysis were unsuccessful. However, 

as can be seen in Fig. 7, base extraction (using 10% KOH/methanol) 

released five to ten times more pigment and pigment-polymer 

complex from algae heated at 150°C for prolonged periods of 

time (Experiments 5 and 6) than previous extractions of the 

same algae using only benzene/methanol ( 7 0 : 3 0  by volume). 

These results suggest that chemical bonding through 

base-saponifiable (e.g., ester and related) linkages may be 

a major grafting mechanism responsible for formation of 

pigment-polymer complexes of this type. 

Thermal production of pigment-polymer associations 

seems further evidenced by observations, in both the algal 

and sediment heating experiments, that with increasing time 

and temperature pigment fractions become increasingly soluble 

in aqueous media and decreasingly soluble in organic solvents. 

In algae, these solubility characteristics presumably rksult 
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from the relatively high proportion of polar functional 

groups on the polymeric portion (e.g., polysaccharides, 

polypeptides, pcptidoglycans) of the pigment-polymer complex; 

in sediments, this behavior presumably reflects grafting o f  

pigments onto relatively polar humic and ftilvic acids. 

Geochemical imp1 ications 

In general, chlorophyll first enters the Sedimentary 

environment as a component of dead plant cells. A s  a result 

of biologic activity, the vast majority of these pigments 

are recycled through the biosphere. Of that fraction which 

escapes such recycling and is thus potentially preservable 

in the geologic record, sorrre portion occurs as free pigments, 

"leached" from plant cells during deposition. This portion, 

however, apparently represents less than a quarter o f  that 

occurring in association with suspended solids in the water 

column and an even smaller fraction of that occurring in 

the underlying sediments (PEAKE 2 d., 1972). It seems 

apparent, therefore, that the rnajori ty of preservable, 

sedimentary chlorophyll and chlorophyll derivatives is 

initially deposited in a particulate state; the bulk of 

such pigments probably occurs within decaying plant cells 

and tissues. 

Based on studies o f  chlorophyll and chlorophyl 1 

derivatives occurring in marine sediments off southern . 
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California, ORR et al. (1958, p. 953) have postulated a set 
of degradation pathways leading fi-on1 chlorophyll to porphyrins 

of the type found in petroleum and sedimentary rocks. These 

pathways, however, differ from the degradation sequences 

here observed for chlorophyll occurring within thermally 

treated algal cel 1s. Specifically, our results suggest 

that the major intracel lular derivative is pheophytin which 

subsequently becomes grafted onto cellular polymers; further 

degradation, for example to pheophorbides, phyl loerythrins, 

or porphyrins, was not observed. Thus, although the degradation 

pathways suggested by ORR et d. (1958) are apparently valid 
for extracellular chlorophyll, it appears to us likely that 

chlorophyl 1 and its derivatives entering the geologic record 

as components o f  intact or pariially degraded plant cells 

may become grafted onto cellular polymers. 

Formation o f  pigment-polymer complexes and their subsequent 

geochemical degradation may, therefore, be important factors 

affecting the distribution of chlorins and porphyrins in 

sediments and sedimentary rocks. Degradation of such 

pigment-polymer complexes might release free porphyrins or 

porphyrins still cornplexed with oligomeric fragments of the 

original polymer. Such a mechanism could account for the 

formation of anomalously "heavy porphyrins" (BLUMER and 

RUDRUM, 1970) as we1 1 as some reported porphyr i n-pept i de 

complexes (HODGSON et al., 1969, 1970). Hydrogenation And 
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cleavage of such complexes under reducing conditions could 

release secondary synthetic chlorins of the type identified 

by BLUMER and OMENN (1961). Alternatively, pigment-polymer 

complexes might become incoi-porated into the humic and 

fulvic acid fractions of sedimentary organic matter or 

become bound into the insoluble particulate "kerogen" 

fraction. Pigment grafting onto materials of this type 

might explain observations of BROXN et al. (in press) that 

the amount of chlorins extractable from Holocene cores from 

Saanicli Inlet decreased by a factor of fifteen between the 

sediment-water interface and a depth of 3.5 meters, without 

y i e 1 d i ng de tec ta b 1 e por phyr i 1 7 s .  

followed by cleavage and release of extractable pigments 

might also explain results obtained by AIZENSHTAT et d. 
(in press) who found, in a Pleistocene core from J O I D E S  

Hole J-26, that although chlorin content decreased steadily 

with depth, porphyrins were not extractable until a depth 

of 478 meters, at which level chlorins were no longer 

detected . 

S i m i 1 a I' p i ymen t graft i ng 

A schematic diagram summarizing the reaction pathways 

discussed above i s  shown in Fig. 9 .  

CONCLUSIONS 

1 )  Sequential color changes observed during thermal degradation 

o f  Lynqbya result from two processes: (i) transformations of  
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inti-ace1 lular- pigments and (a) alteration O F  extracytoplasmic 

components (sheaths and cell walls). These irrevers;ble 

color changes are comparable t o  those occurring during 

eometamorphism of plant tissues and palyiionmi-phs and are 

both time- and temperature-dependent. I n  addition to pigment 

changes, thermal degradation of algae results in dehydration 

( i  .e., formation of anhydrides), aromatization, and increases 

in C/H ratios and in the percentage o f  fixed carbon. 

2) Extrapolations based on Arrhenius plots o f  the time-temperature 

relationships o f  the observed color changes in algae and algal 

chlorophyl 1 are in good agreement wi th cl ianges observed in 

extracts of Holocene and Tertiary sediments. The experimental 
J-L- &I-..- ----I- C -  C . - , n f i  - n n l - - : p  - m n l s p - I - :  I :i-,, u a ~ a  L i i u 3  a p p c a i  L u  i i o v c I  y L u t w y l L  a p p l  i L c * u I  I I c y ,  GZC! they sccz 

to indicate clearly that time is an import-aiit parameter 

affecting the color and fidelity of preservation of plant 

microfossi Is. 

3 )  Pigments deposited in sediments as components of intact 

or partially degraded plant cells may become grafted during 

diagenesis onto a variety of cellular polymers, at least in 

part, apparently, through ester and related linkages. It 

appears possible, and is perhaps likely, that formation of 

such pigment-polymer complexes is a major diagenetic process 

affecting the types and distribution of pigments in sediments 

and sedimentary rocks. 



4 )  Once formed, geochemical a1 t e r a t i n r i  of  pign1ent-pc1yn:er 

complexes may r e l e a s e  f r e e  c h l o r i n s ,  f r e e  porphyrins ,  o r  

p i g m e n t s  a t t ached  to 0 1  i gnmer l c  f ramei: ts  J GF thc  o r i g i ~ a :  

polymer. A l t e r n a t i v e l y ,  the pigment-polymer moiety may 

become f u r t h e r  coinplexed and incorporated i n t o  the h u m i c  

and f u l v i c  ac id  f r a c t i o n s ,  or  i n t o  t h e  i n s o l u b l e  "kerogen" 

f r a c t i o n ,  o f  sedimentary organic  ma t t e r .  

. .  
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FIGURE DESCRIPTIONS 

FIG. 1 Tirne-temperature relationships of heat-induced color 

changes I n  L\;nqh\/~ (ci:cles) ar;d fieat ~ ~ - ~ l o i - ~ p i i y i  1 2 

(squares) under oxygenic conditions (Experiments 1, 3 ,  

and 4); 
color changes; - - - - - -  indicates extrapolations; - ' - * - *  

indicates reference activation energy curves from 

Abelson (1959); Y-0 indicates yellow-orange; R-0 

indicates red-orange. 

i ndi cates exper imenta 1 1 y determi ned 

FIG. 2 Infrared spectra of whole algae (0.002 gin of Lynqbyam 

pressed into 0.25 gm KBr pellets) thermally degraded 
. . -  A - , -  .-.....- ?. 

U I I U G I  v/Iyyc;iiTc CQi-idi t i o r i s ,  i - e p i - e b e i i L i i i y  b l u e - y r  eeti 

( B - G ) ,  ye1 low-green ( Y - G ) ,  ye1 low-orange ( Y - 0 ) ,  and 

red-orange (R-0) color stages. Absorption increases 

in the 1540 and 1800 cm regions are interpreted as - 1  

indicating increases in arornatici ty and dehydration 

( i  .e., anhydride formation), respectively. 

FIG. 3 Time-temperature relationships of heat-induced color 

changes observed in Lynqbya (circles) and neat chlorophyll 

- a (squares) under anoxic conditions; indicates 

experimentally determined color changes; - - - - - -  
i ndicates extrapolations ; -*-* - .  indicates reference 

activation energy curves from Abelson (1959). 
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FIG.  4 Time-temperature relationships of heat-induced cclot- 

changes in the extractable tetrapyrrole fractior? of 

Tanner Basin sediments (circles) compared with the 

color transition isochrcrnes from Fig. 1 (solid lines) 

and Fig. 2 (dashed lines). B - G  indicates blue-green; 

Y - G  indicates yellow-green; Y - 0  indicates yellow-orange; 

R-0 indicates red-orange; R-Op indicates red-opaque; 

0-Br indicates orange-brown. 

Fig. 5 Visible absorption spectra (in benzene) of neat 

chlorophyll heated for thirty-minute periods under 

anoxic (solid lines) and oxygenic (dashed lines) 

conditions at each of the indicated temperatures. 

FIG.  6 Visible absorption spectra (in ether) of pigments 

extracted from Lynqbya after heating for thirty-minute 

periods under anoxic conditions at each of the indicated 

temperatures. 

FIG.  7 Comparison of visible absorption spectra of benzene/ 

methariol (70:30 by volume) extractable pigments ( B )  and 

10% KOH/methanol extractable pigments ( A )  from Lynqbya 

heated under the following conditions: 1 = 45 hours at 

150°C under nitrogen (Experiment 5); 2 = 300 hours at 

150°C under nitrogen (Experiment 5); 3 = 120 hours at 



. 
150°C under nitrogen follcwd by 130 hours at 150°C 

under air (Experiment 6). S p e c t r a  i so i v e n  Ls : Spectra 

lA, ZA, and 3A in 10% KOM/methanol; Spectrum 1B in 

methanol; S p e c t r a  2E arid 38 in benzene. 

F I G .  8 Mass spectrum (70 ev 2.4 kV, 270 PA, 2 8 O O C  probe 

temperature) showing polymeric fragmentation pattern 

of the ether-soluble fraction o f  base-extracted 

pigments from Experiment 6; the visible absorption 

spectrum of these pigments is shown in Fig. 7, Spectrum 

3 A .  

F I G .  9 Schematic diagram summarizing suggested relationships 

between pigment-polymer conipexes and diagenetic 

processes possibly affecting the types and distribution 

of chlorophyll-derived pigments in sediments and 

sedimentary rocks. 
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